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Resumo
A determinação da força de ruptura de agregados é útil para avaliar as propriedades
físicas do solo e para modelar a ruptura de agregados porosos, que é de suma importância para
simular  fenômenos  naturais  envolvendo  fragmentação  de  material  e  melhorar  os  processos
tecnológicos.  Por  exemplo,  projetar  ferramentas  de cultivo  para  promover  apenas  a  quantidade
necessária  de fragmentação do solo com maior  eficiência  energética tem grande potencial  para
reduzir os custos de produção concomitantemente com os impactos ambientais. Aqui, propusemos
um critério para determinar a resistência à compressão do agregado, considerando que a força de
ruptura ocorre simultaneamente com o surgimento de trincas na região equatorial dos agregados
(EC).  Demonstramos que o EC é um procedimento empírico mais  confiável  para determinar  a
resistência à compressão do agregado e, ao usar EC, o modelo em Elementos Discretos (DEM)
apresentou  maior  assertividade.  Com  base  em  tais  critérios,  simulações  numéricas  em  DEM
mostraram uma correlação linear entre friabilidade e dimensão fractal de agregados porosos. Em
seguida, combinando simulações numéricas com medições em laboratório, estabelecemos um uso
exclusivo de friabilidade como uma propriedade macro material para determinar a força de ligação
entre  as  partículas  e  a  densidade  de  diferentes  tamanhos  de  agregados.  Isso  permite  a
parametrização de um modelo DEM para simular como a resistência à tração varia em função do
tamanho do agregado. Implementamos este método de parametrização para criar uma caixa de solo
contendo diferentes  tamanhos  de agregados usando o DEM e desenvolvemos uma função para
medir  o  nível  de  fragmentação  de  materiais  granulares.  Usando  essa  abordagem  numérica,
simulamos atividades cultivo de solo e criamos um novo conceito de ferramenta de preparo do solo
para o plantio de cana-de-açúcar. Esta ferramenta mostrou potencial para diminuir a demanda de
energia  em  28,5%  ao  mesmo  tempo  em  que  aumenta  a  a  fragmentação  fractal  em  10%  em
comparação  com  a  ferramenta  convencional.  A  partir  dessas  simulações,  estimamos  que  a
implementação  da  nova  ferramenta  na  produção  brasileira  de  cana-de-açúcar  possa  reduzir  o
consumo de combustível na ordem de 44%.
palavras-chave: fractais; solo-preparo; métodos dos elementos discretos.
Abstract
Determining the aggregate compressive rupture force is useful to assess soil physical
properties  and to  model  rupture  of  porous  aggregates,  which  is  paramount  to  simulate  natural
phenomena involving material fragmentation and to improve technological processes. For instance,
designing tillage tools to promote only the necessary amount of soil  fragmentation with higher
energy efficiency have great potential to reduce production costs concomitantly with environmental
impacts. Here, we proposed a criteria to determine aggregate tensile strength, considering that the
aggregate  rupture  force  occurs  simultaneously  with  aggregate  equatorial  cracks (EC).  We
demonstrated that EC is a more reliable empirical procedure to determine aggregate tensile strength
and when using EC, the Discrete Element (DEM) model displayed greater assertiveness. Based on
such criteria,  numerical simulations in  DEM showed a linear correlation between friability and
fractal  dimension of porous aggregates. Then, combining numerical simulations with laboratory
measurements, we established a unique use of friability as a material macro property to determine
the particle bond strength and density for different aggregate sizes. This allows parameterisation of
a discrete element model to simulate how tensile strength varies as a function of aggregate size. We
implemented this parameterization method to simulate a soil bin containing a range of aggregate
sizes using DEM and developed a function to measure the fragmentation level of granular materials.
Using this numerical approach we simulated tillage activities and designed a new concept of tillage
tool for sugarcane planting. This tool showed potential to decrease the power demand by 28.5% at
the same time it increases the fractal fragmentation by 10% in comparison to the conventional tool.
From these  simulations  we estimated that  the  implementation of  the  new tool  in  the Brazilian
sugarcane production may reduce fuel consumption by the order of 44%.
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1. THESIS ORGANIZATION
In  this  thesis,  the  reader  is  conducted  through  a  general  introduction,
contextualizing the problematic and the relevance of the subject that drove the study. It is
followed  by  three  chapters,  each  one  aiming  to  a  specific  hypothesis  (Figure  1).  These
chapters have their own introduction, materials and methods, results, discussions, conclusions
and references, standardized according to the scientific journal to which it was submitted.
Finally,  the  general  conclusion,  based  on  the  discussions  presented  in  the  publications,
synthesises the answers to the specific hypotheses.
Figure 1: Thesis organization considering hypotheses per publication.
2. GENERAL INTRODUCTION
Rupture  of  porous  aggregates  governs  a  range  of  natural  phenomena  and
technological processes such as fragmentation of arable soils by tillage. Soil fragmentation is
crucial  for  crop establishment,  since the  size reduction of  larger  aggregates  improves  the
conditions  for  germination  and emergence  of  seedlings  (BLUNK et  al.,  2018).  However,
indiscriminated  energy  input  in  tillage  operations  may  result  in  excessive  soil  structural
breakdown triggering environmental problems such as erosion and greenhouse gas emissions
(DE FIGUEIREDO and LA SCALA, 2011).
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Although  we  have  an  adequate  concept  of  aggregate  size  distributions  in  the
seedbed (BRAUNACK and DEXTER, 1989),  present knowledge to design and obtain such
soil fragmentation by tillage is still incomplete. This is because aggregate rupture mechanisms
have not been totaly investigated and also the classical theory of soil mechanics does not take
them it  into  account.  As a  consequence,  the  proposed numerical  models  to  simulate  soil
disturbance are based on over simplified soil structure models and focused on predicting the
overall energy demand.
The Discrete Element Method (DEM) offers a framework with unique features to
model such complex structure and its mechanical behaviour. In this method, the constitutive
law of particle contact and creation of pre-existing internal cracks within aggregates can be
combined to reproduce a brittle rupture behaviour, commonly observed in soil aggregates.
However, the challenge of using the DEM approach is to identify which parameters from the
constitutive  law  govern  aggregate  rupture  and  to  establish  relationships  between  DEM
parameters and measurable macro properties of soil aggregates. Moreover, it is known that the
structure of soil aggregates has a scale dependence, that affects aggregate density and tensile
strength. Then, the macro properties of the soil have to measure such scaling effect. Once the
parameterization method is defined, a numerical model of a soil bin composed by a range of
aggregates sizes can be created and simulations of tillage tools can be performed to assess the
effects of tillage on soil structure.
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3. PAPER 1 - Which evidence attests for soil aggregate rupture? A new criterion to 
determine aggregate tensile strength
Abstract
Determining the aggregate compressive rupture force is useful to calculate aggregate
tensile  strength  and  to  assess  soil  physical  properties,  such  as  soil  friability.  Here,  we
investigated two criteria to determine such a force, a commonly used criterion that considers it
as  the  first  force  drop higher  than  40% (FD40) and a  proposed one considering  that  the
aggregate rupture force occurs simultaneously with aggregate equatorial cracks (EC). These
criteria were compared based on results of aggregate compression tests, crack propagation
monitoring, sound wave measurements, X-ray micro-computed tomography characterisation
and  analysis  of  numerical  model  based  on  Discrete  Element  Method  (DEM).  We
demonstrated that EC is a more reliable empirical procedure to determine aggregate tensile
strength than FD40, since there is a correspondence between the rupture force value and the
formation of cracks in the equatorial region. Further, when using EC, the DEM model was
more accurate in reproducing the empirical values of aggregate tensile strength.
1. Introduction
Aggregate tensile strength governs soil bulk mechanical behaviour e.g. plastic yielding
(McDowell and Bolton, 1998) and represent important indicators of the soil structure status
(Munkholm, 2011). As a result  of a complex hierarchical organisation  (Dexter,  1988), the
aggregate structure is shaped by soil texture, management and climatic variations, affecting
particle cohesion, pore size and crack distribution (Munkholm et al., 2016). Measurements of
aggregate strength, considering the aggregate as a sphere with uniform pore and crack size
distribution compressed between parallel plates (Rogowski, 1964), show that each aggregate
size has a characteristic tensile strength value (Braunack et al., 1979; Perfect and Kay, 1994)
responsible for the rupture of the bonded particles. These ruptures initiate one or more cracks,
which irreversibly dissipate the energy when propagating throughout the structure. Cracks
initiate at the contact surface, between aggregate and compression plate, and propagate along
the  aggregate  meridian  direction   (Dexter  and  Kroesbergen,  1985),  leading  to  aggregate
rupture  when they reach the  equatorial  region.  Probabilistic  analyses  of  aggregate  tensile
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strength are often used to assess soil  physical properties, e.g.  friability  (Munkholm, 2011;
Utomo and Dexter, 1981).
It is common to determine the compressive force responsible for aggregate rupture by
considering its value at the occurrence of the first abrupt force drop higher than 40% (FD40)
(Obour et  al.,  2018).  Using this  value enables the calculation of tensile strength and two
parameters of the Weibull probabilistic distribution. The first parameter corresponds to the
characteristic  tensile  strength  for  a  given  aggregate  diameter,  while  the  second  one,  the
Weibull  modulus,  indicates  the  variability  of  the  tensile  strength  obtained  for  a  given
aggregate diameter. For several materials, variations in total porosity affect the characteristic
tensile strength (Cui et al., 2017; Keles et al., 2015), and the Weibull modulus is correlated to
the crack-size distribution within the material  (Afferrante et al., 2006; Bertalan et al., 2014;
Trustrum  and  Jayatilaka,  1983). However,  quantification  of  porosity  and  crack  size
distribution in soil  aggregates is  challenging. Previous investigations  have employed thin-
section microscopy using resin impregnation (Juyal et al., 2019) and found that the closer the
pores and cracks are to the aggregate surface, the smaller they are, mainly because of the
higher concentration of clay particles (Dexter, 1988). This means that pore and crack sizes are
not uniformly distributed along the aggregate section. Thus, if real situations are considered,
where the structural heterogeneity of natural aggregates plays an important role, one deviates
from the  initial  considerations  of  the  uniformity  of  pore  size  and crack-size  distribution.
Therefore,  the FD40 criterion may not  be appropriate,  since the first  force drop may not
necessarily correspond to the aggregate rupture force.
If porosity, crack-size distribution and pore network vary along the aggregate section,
then the compressive stress is not uniformly distributed.  As the region near the aggregate
surface may be denser than the internal one (Dexter, 1988), the load is initially supported by
this  peripheral  structure,  and  only  after  its  collapse,  the  load  is  distributed  to  the  inner
structure  of  the  aggregate.  This  may  promote  local  ruptures  near  the  aggregate  contact
surface, resulting in force drops during compression, which may not represent the aggregate
rupture.  To investigate this possibility,  it  would be important to know how properties e.g.
porosity, crack-size distribution and pore network change during compression and in which
moment the cracks reach the aggregate equatorial region, which suggests aggregate rupture
(Dexter and Kroesbergen, 1985).
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For this purpose, four approaches were tested: 1.  X-ray micro-computed tomography
(μ-CT)μ-CT),  a  non-invasive  imaging  technique  to  quantify  3D  crack-size  distribution  within
aggregate structure during compression.  2.  Sound waves;  since the energy released due to
cohesive contact rupture can be detected through sound waves  (Lacoste et  al.,  2018),  the
maximum crack propagation could be related to the maximum sound level recorded during
compression. 3. Visual monitoring of crack propagation to visually follow crack propagation
paths during compression to check if they reach the equatorial region simultaneously with a
force  drop.  4.  Numerical  modelling;  aggregates  can  be  created  with  pre-existing  internal
cracks,  making  the  rupture  mechanism  evaluation  similar  to  the  weakest  link  concept
incorporated in the Weibull model. Although numerical simulations of aggregate compression
present similar difficulties as laboratory measurements in terms of determining which drop
represents the aggregate compressive rupture force, they easily bring about the benefits of
additional  evidences,  such  as  the  average  number  of  contacts  per  particle  (coordination
number)  and the  number  and  location  of  the  cracks  during  compression.  The correlation
between the  Weibull modulus and  crack-size distribution was used for additional support in
comparing the FD40 criterion and the proposed equatorial cracks criterion (EC).
2. Materials and methods
2.1. Characterisation of soil aggregate structure
2.1.1. Soil sampling and preparation
A minimally disturbed cubic soil sample (0.1 x 0.1 x 0.1 m3) was taken from a depth of
0.4-0.6 m in a sugar cane field in Iracemapolis, Sao Paulo, Brazil (22º 34’ S, 47º 31’ W). Soil
bulk density was 1,170 kg m-3, with the following composition: 739, 167, 92 g kg-1 and 21 g
dm-3 of clay, silt, sand and organic matter, respectively. Particle size distribution was analyzed
using the pipette method (Walter et al., 1978) and air-dry soil samples were crushed to < 2
mm  and  SOC  determined  by  dry  combustion  using  FlashEA 1112  Elemental  Analyzer
(Thermo Fisher Scientific, Waltham, MA, USA).
The cubic sample was transferred to the laboratory, placed on a tray and dried at room
under air conditioning (approximately, 23.3ºC and 50% relative humidity). Subsequently, the
aggregates were separated along the pre-existing visible cracks (Keller et al., 2011), and sieves
of 2.38-4 mm, 4-6.52 mm, 6.52-12 and 12-19 mm were used to classify the aggregates into
the four size classes C1, C2, C3 and C4, respectively. Following the Visual Evaluation of Soil
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Structure (VESS) (Guimarães et. al. 2011), this soil has a Sq3-4 score, characterizing sharp-
edge aggregates, as shown in Fig. 1.
Fig 1. Characteristic aggregate shapes for each size class (2.38-4, 4-6.52, 6.52-12, 12-19 mm)
and sectional planes for image analysis. a) Digitalization of the entire aggregate structure
showing the sectional planes. b) View of the aggregate structure at sectional plane S and
regions of interest S1, S2 and S3.
2.1.2. X-ray μ-CT scanning of pore features
In order to characterise structural heterogeneity we quantified porosity, pore length,
total number of pores and pore connectivity along the section of several sizes of aggregates.
Three aggregates  from the size  classes  C1,  C2 and C3 (nine observations)  were selected
(based  on  the  most  representative  shape  and  without  visible  stones)  and  scanned.  Pore
features were determined in S1, S2 and S3 (Fig. 1), and their average values were compared.
Aggregates were scanned using a high-resolution micro-computed tomography system
(SkyScan 1272, Bruker-micro CT, Kontich, Belgium), with a 70-kV source, 142 mA and 9
µm voxel size. The SkyScan NRecon software was used to reconstruct cross sectional images
from the cone-beam x-ray projections, using the Feldkamp algorithm. The image processing
program Fiji (Schindelin et al., 2012) was used to define the sectional planes and regions of
interest (ROI) of 0.5 x 0.5 x 0.5 mm, located in (three different positions) regions S1, S2 and
S3 (Fig.  1),  with three replications each.  Subsequently,  we used the Fiji  plug-in trainable
image  segmentation  Waikato  Environment  for  Knowledge  Analysis  (μ-CT)WEKA) (Arganda-
Carreras et al., 2017) to produce pixel-based segmentation and differentiate the soil matrix
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from void  spaces.  The  machine-learning  algorithms  from this  plug-in  were  trained  using
cross-sectional images (plane S in Fig. 1) from each aggregate size class to create a standard
segmentation criterion, which was used in all image processing.
Pore volume quantification was carried out using the Fiji plug-in 3D object counter.
Based on the individual pore results, we calculated the total pore volume used to determine
ROI porosity. Another Fiji plug-in, BoneJ (Doube et al., 2010), was used to skeletonise the
porous structure. Firstly, the binary stack undergoes a 3D thinning algorithm in the plug-in
skeletonise 3D, and the thinning algorithm uses the 3D erosion function in Fiji, which erodes
the pore surface until  only the skeleton remains. Erosion was symmetrically performed to
guarantee  the  medial  position  of  the  skeleton  lines  and  the  preservation  of  the  object
connectedness.  This  skeletonised  binary  image  stack  is  then  subjected  to  the  skeleton
algorithm within the BoneJ plug-in, which provides a summary of branch length, number of
junctions and branches per ROI volume, where branch is the skeletonised pore and junction is
the connection between branches.  The branch lengths were plotted against  the number of
times  they  appeared  in  the  aggregate  structure,  providing  a  power-law  distribution.  The
exponent of this power-law defines what we hereafter refer to as “crack-size distribution”; the
smaller  its  value,  the  higher  is  material  crack  size  heterogeneity  (Bertalan  et  al.,  2014;
Trustrum and Jayatilaka, 1983).
2.1.3. Load effect on pore features - X-ray μ-CT scanning
To better understand the mechanics of load application, one aggregate from size class
C2 was submitted to cyclic loads of 0-7-0, 0-12-0 and 0-15-0 N. The load amplitudes were
below aggregate rupture, and after each cycle, an X-ray μ-CT scanning was performed to
quantify possible structural changes.  These scanned images were analysed as presented in
section 2.1.2; X-ray μ-CT scanning was performed on an exploratory basis to support our
discussion on the results of the compression tests.
2.2. Visual evaluation and sound recording
This  was  carried  out  to  investigate  if  the  moment  of  visible  equatorial  crack
appearance and the moment of aggregate rupture were coincident (EC criterion). For this, we
recorded the sound produced during the compression tests, which were carried out using three
aggregates of each size class (12 observations in total) and filmed with a Samsung Galaxy S4
18
I9515, quad-core 1.9 GHz Snapdragon 600, 1080p full HD at 30fps, dual-video record. Sound
wave signals caused by crack propagation were sampled at  48 kHz,  and the results  were
filtered in a multi-track audio editor software Audacity 2.2.2. These data were used to relate
compression force variations along displacement with visible crack appearance and sound
level originating from crack propagation across the aggregate structure. We then counted the
number of observations in which the FD40 criterion occurred simultaneously with equatorial
cracks and maximum sound level.
2.3. Laboratory compression tests
For the indirect tensile strength tests under laboratory conditions, 30 aggregates from
each  size  class  were  randomly  selected  (totalling  120  aggregates)  and  weighed.  The
aggregates were compressed between parallel plates as they were placed individually on the
lower plate, in a stable position, and compressed at a constant displacement rate of 3.10 -6 m s-
1, using a universal testing machine (Lloyd Texture Analyser, model 500). Force was recorded
at 15 Hz, using a 50 N load cell with 0.01% resolution. Using visual evaluation, we recorded
the moment of equatorial crack occurrence for all tests.
2.4. Weibull probabilistic distribution
The rupture force values ( F ) obtained using the two criteria mentioned above, FD40





Where d  is the aggregate diameter, and the constant (0.576) is for the maximum stress acting
at the centre of a sphere (Rogowski, 1964). Values of σ  from each aggregate class and for
both criteria (EC and FD40) were used to plot the Weibull probabilistic distribution, applying
Equation (2):
ln (−ln (1−Ps (σ )) )=m ln(
σ
σo ) (2)
The  Weibull  modulus  ( m )  and  the  characteristic  tensile  strength  ( σ o )  at  a  survival
probability ( Ps ) of 36.8% were calculated (Braunack et al., 1979).
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2.5. Creation of porous aggregates for simulations
The simulations were performed using the open-source software YADE, which is a
framework  for  numerical  models  using  the  Discrete  Element  Method  (DEM).  The
programming  language  Python  was  used  for  contact  law  definitions,  scene  construction,
simulation control and post-processing data (Šmilauer et al., 2015).
The chosen contact law, already implemented in YADE (Scholtès and Donzé, 2012),
accounts mainly for cohesive frictional material. The cohesion value was set the same for both
normal and tangential directions. Using this contact law, we were able to timewise record the
breakage of the bonded contact location, allowing us to know where and when a contact was
broken,  which  is  useful  to  identify  the  moment  of  equatorial  crack  appearance.  Another
important feature is once the contact is broken, it becomes a solely frictional contact, more
likely to reproduce the brittle rupture of dry aggregates. A global viscous damping of 0.1 was
used to dissipate kinetic energy.
The different sizes of soil  aggregates were represented by aggregates composed of
spherical particles (Fig. 2), whose input parameters are presented in Table 1. Parameter values
used in the contact with the parallel plates for the compression simulations are also presented
in Table 1.
Table 1. Parameters and values used in the model.
Particle input parameter Values




Density 2500 kg m-3
Plate input parameter
Young’s modulus 0.70 GPa
Poisson’s ratio 0.3
Friction angle 10º
a(Daphalapurkar et al., 2011; McDowell and Bono, 2013) 
b,c(Asaf et al., 2007; Ucgul et al., 2014)
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The packed assembly was initially generated by filling a spherical shell with a cloud of
spheres.  Subsequently,  this  assembly  was  subjected  to  isotropic  compression  until  the
aggregate reached a density of approximately 2,100 kg m-3. The following step created pre-
existing internal cracks by removing a defined number of particles from the aggregates at
random positions. The number of particles to be removed was set in such a way to obtain
aggregate densities of 1,798, 1,726, 1,738 and 1,680 kg m-3 for aggregate radius of 0.00238,
0.00325, 0.00476 and 0.00650 m, respectively. Finally, the aggregate was subjected to random
rotations in the axes x, y and z.
Fig. 2. Illustration of aggregates from numerical model. a) The horizontal dashed lines 0.4r
apart (r is aggregate radius) delimits the aggregate equatorial region where the number of
cracks and coordination number decrement rate were quantified. b) View of the aggregate
structure at sectional plane S showing the voids created by random particle removal.
2.6. Aggregate compression rupture simulation
2.6.1. Compression rupture simulations
Once the aggregate assembly creation was completed, it was positioned over a flat and
horizontal plate, and gravity (9.81 m s-2) was turned on. Subsequently, a constant upper plate
deformation  rate  of  0.03  m  s-1 was  set.  During  simulation,  the  compression  force  and
displacement  were  recorded,  along  with  the  number  of  cracks,  their  locations  and
coordination number (Appendice 7.1). This simulation was carried out for all 60 aggregates,
15 for each size class for each criteria considered.
To  analyse  the  rupture  forces  obtained  from  the  simulations,  we  developed  two
algorithms  to  automatically  identify  the  rupture  force  based  on  a  specific  criterion,  as
described below.
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2.6.2. Algorithm based on the first 40% of the force drop (μ-CT)FD40)
This  algorithm (Appendice 7.2),  using the Python programming language,  aims to
identify the force peaks, given a compressive force against the displacement plot obtained
from compression simulations. It compares consecutive force values of local maximum and
local minimum and chooses, as the rupture force, the force of the first event corresponding to
a force drop equal to or higher than 40%. For the simulations, particle bond strength was
calibrated  (McDowell and Harireche, 2002) to match the laboratory results obtained using
FD40.
2.6.3. Algorithm based on equatorial cracks (μ-CT)EC)
Also written  in  Python,  this  algorithm (Appendice  7.3)  simultaneously  detects  the
variation in the compressive force, the coordination number (CN), the number and position of
cracks and the upper plate displacement. Since aggregate rupture occurs only when equatorial
cracks appear, this algorithm quantifies cohesive contact breakage and CN decrement in a
designated aggregate equatorial region - between the dashed horizontal lines illustrated in Fig.
2 - for different aggregate sizes. From each simulation, we stored, in separated text files, data
concerning (a) particle bond breakage, containing timewise breakage and the coordinates of
breakage, (b) timewise coordination number and (c) timewise force and displacement of the
upper plate.
The algorithm follows the steps: i) reading the file (a) and counting how many cracks
happened in the equatorial region per time step; ii) using the file (b) and quantifying the CN
decrement  rate  in  the meridian region using Equation (3),  assigning these values to  their





where i is the index addressed to each time step (ts); iii) identifying the time step range where
maximum crack number and maximum CN decrement rate occur simultaneously; iv) for the
time step range which satisfies both conditions, the algorithm finds the respective force values
and sets the maximum force as the rupture force ( F ). For these simulations, particle bond
strength  was  calibrated  (McDowell  and  Harireche,  2002) to  match  the  laboratory  results
obtained using EC.
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2.7. Comparing the rupture force criteria and statistical analysis
To  test  which  criterion  is  most  suitable  to  determine  aggregate  rupture  force,  we
evaluated the correlation between Weibull  modulus  (from tensile strength values obtained
using each criterion) and crack-size distribution  (Trustrum and Jayatilaka, 1983), using the
laboratory data and Pearson’s correlation test.
Data from X-ray μ-CT scanning were analysed using a two-way ANOVA; average
values were compared using Tukey´s HSD test (P < 0.01). All statistical analyses were carried
out using the R software package (R Core Team, 2017).
3. Results and Discussion
3.1. Aggregate pore structure characterisation - X-ray μ-CT scanning
3.1.1. Size effect on aggregate structure
The  physical  characterisation  of  aggregate  structure,  using  porosity,  number  of
branches and junctions per ROI volume, and crack-size distribution are shown in Fig. 3. Only
for the largest aggregate size (C3), porosity values, number of branch and junctions per ROI
volume were significantly different between the regions near aggregate top (S1) and bottom
surface (S3). This is in agreement with previous research results  (Dexter,  1988; Emerson,
1959;  Kay,  1990;  Uehara  et  al.,  1970) stating  that  the  porous  structure  of  the  sampled
aggregates becomes more heterogeneous along the cross-sections as the aggregate grows in
size.  However,  when  analysing  crack-size  distribution  along  the  aggregate  cross-section,
significant differences were observed between S1 and S2 and between S1 and S3, for all
aggregate  sizes,  indicating  that  crack-size  distribution  may  be  a  more  suitable  feature  to
identify variations in aggregate pore structure. Based on the differences shown in Fig. 3, to
the aggregate structure, two possible values of the Weibull modulus can be attributed for each
aggregate size. One for the structure near the surface (S1) and the other to sections S2 and S3.
Jayatilaka and Trustum (1977) showed that the smaller the crack-size distribution, the higher
the  heterogeneity  of  the  material  structure,  which  indicates  less  material  reliability  when
measured by the Weibull modulus. The correlation between Weibull modulus and crack-size
distribution will be further elaborated in the section 3.3.
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Fig 3. Average values of pore features for different aggregate sizes. The treatments combines
the regions of interest (S1, S2 and S3) and aggregate sizes C1, C2 and C3 obtained from sieve
meshes 2.38-4, 4-6.52 and 6.52-12 mm, respectively. Different lower case letters indicate
statistical differences (P<0.01).
3.1.2. Load effect on aggregate structure
Since  the  aggregate  broke  when a  15 N load was  applied,  it  was  not  possible  to
perform the last  X-ray μ-CT scanning.  Therefore,  only the cycles  0-7-0 and 0-12-0 were
considered.
No significant variation was obtained with the results of porosity and the number of
junctions per ROI volume and branch length (Fig. 4). However, at position S1 and load of 12
N, the number of branches per ROI volume significantly decreased in relation to its initial
value. A possible explanation is that during aggregate compression, the cracks and pores near
the aggregate contact surface collapse, reducing the number of branches per ROI volume. As
a  consequence,  a  local  maximum  in  the  compressive  force  occurs,  leading  to
misinterpretations when using the FD40 criterion. As number of branches per ROI volume is
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related to porosity, branch length and crack-size distribution, they could also indicate such
variations. In this sense, future studies should use a higher number of replications.
In  addition,  as  observed  in  section  3.1.1,  the  values  of  crack-size  distribution  at
position  S1 were  significantly  smaller  than  those  obtained  from S2 and  S3,  showing  no
variation with the loading cycle (Fig. 4).
Fig 4. Average values of the aggregate size C2 (4-6.52 mm) structural changes for different
loads. The treatments combines the aggregate section (S1, S2 and S3) and load cycles L0, L7
and L12, indicating 0, 0-7-0 and 0-12-0 N, respectively. Different lower case letters indicate
statistical differences (P<0.01).
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3.2. Visual evaluation and sound record experiment
A characteristic force-displacement diagram, synchronised with sound wave signals, is
shown in Fig. 5, together with aggregate pictures illustrating the initial instant and aggregate
deformation in two characteristic compression instants. The surface deformation occurrence is
illustrated  in  the  second  instant  (Fig.  5  A,  II).  The  structural  collapse  of  pores  near  the
aggregate surface partially dissipated the energy expressed as a sudden force drop, but the
cracks did not propagate through the aggregate meridian,  which is  in  agreement with the
results obtained for branch length for S2 and S3 (Fig. 4). In the third instant, equatorial cracks
were visible (Fig. 5 A, III). The strain energy, stored up to the point it reached a compressive
force, activated crack propagation, and subsequently, equatorial cracks became visible (Fig.
5A, III).  A small  energy release was detected at  II  compared to the one at  III,  when the
aggregate collapsed (Fig. 5B), with recorded sound levels of -13.5 and 0.5 dB, respectively.
The force values using FD40 were 5.97, 11.46, 17.09 and 37.18 N, while using EC,
they were 9.6, 17.29, 24.92 and 49 N for the classes C1, C2, C3 and C4, respectively. The
FD40 criterion points to moment II as the aggregate rupture, while the proposed EC criterion
points to moment III. In more than 60% of the compression tests, the FD40 did not coincide
with visible equatorial crack occurrence. The FD40 criterion showed average rupture force
values 30% smaller than those obtained using the EC criterion.
Since  sound  recording  demonstrated  the  simultaneity  between  rupture  force  and
equatorial crack occurrences, the visual observation of cracks in the equatorial region became
the basis of our proposed EC criterion used to analyse the compressive tests results.
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Fig 5. Visual evaluation and sound recording results during aggregate compression. a) Force-
displacement and sound-displacement diagrams. I – Initial instant, II - first sudden force drop
higher than 40% and III - maximum force at equatorial crack occurrence. Yellow and red
stars, indicate the first force drop and rupture force with sound level peaks, respectively. b)
Snapshots show the initial instant (I), surface deformation (II) and equatorial crack occurrence
(III).
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3.3. Aggregate tensile strength – numerical and laboratory data
The bond strength values, calibrated using the procedure proposed by McDowell and
Harireche (2002), were 1.50 and 1.94 MPa for FD40 and EC criteria, respectively. Once these
values were used as inputs in the model, simulations of compression tests were performed. To
illustrate an output of the simulated compression tests, variation in compressive force, number
of  cracks  and  decrement  rate  of  CN were  plotted  against  displacement  in  Fig.  6  for  an
aggregate radius of 4.76 mm. As illustrated by the simulation snapshots,  crack formation
started in the aggregate poles, where the normal stress per particle was higher than the stress
in  the  particles  located  in  the  equatorial  region  (snapshot  instant  a,  Fig.  6).  The  crack
propagation at the instant a (displacement of 0.531 mm) released energy, which is evidenced
by the local maximum in the compressive force, but it did not promote any changes in the
number of cracks nor in the decrement rate of CN in the equatorial region. Increasing the
compressive force,  cracks started to  appear  in  the aggregate equatorial  region (instant  b’,
displacement  of  0.562  mm  in  Fig.  6).  As  compressive  loading  continued,  a  maximum
decrement rate of CN (instant c”, displacement of 0.571 mm in Fig. 6), simultaneous with a
maximum number of cracks (instant c’ in Fig. 6), were observed. The snapshot at instant  c
illustrates the presence of cracks in the aggregate equatorial region. Since the higher peak
number of cracks and the higher peak decrement rate of CN were detected, the algorithm
searched for the rupture force and selected its maximum value at instant  c (displacement of
0.571 mm).
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Fig 6. Simulation results showing snapshots and results from compressive force, number of
cracks and decrement rate of coordination number. (a) force drop due to surface deformation
and polar cracks occurrence. (b) force drop due to equatorial cracks (b’), but without
decrement in coordination number. (c) aggregate rupture force, which coincides with
maximum equatorial number of cracks (c’) and maximum decrement rate of coordination
number (c”). The snapshots show crack occurrence (black lines) at the instant (a) and instant
(c). The color bar indicates the stress level in each particle within the aggregate.
After  running  aggregate  compression  simulations  and  performing  the  laboratory
compression tests, tensile strength was calculated using equation (1) and Weibull probabilistic
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distribution was plotted for each aggregate size and for both FD40 and EC criteria (Fig. 7).
Table  2  shows  the  characteristic  tensile  strengths  calculated  using  equation  (2)  and  the
Weibull moduli obtained. Comparing both criteria within the laboratory measurements, the
absolute values of characteristic tensile strength obtained for the FD40 were underestimated
by approximately 30% in relation to EC. In simulations, FD40 underestimated the values of
characteristic tensile strength by approximately 80% compared to EC. In addition, using the
EC criterion, simulations displayed an error of approximately 8% compared to the laboratory
measurement using the same criterion.
Fig 7. Weibull probabilistic distribution of the aggreagate tensile strength for different
aggregate sizes. The blue square and yellow cross are data obtained from laboratory
compressive tests, using the EC and FD40 criteria, respectively. Green triangle and red
diamond were obtained from simulations using the EC and FD40 algorithms, respectively.
The intersection with dashed black line defines the characteristic tensile strength (Ps=36.8%)
for each aggregate size.
For both criteria, in simulations or laboratory tests, the characteristic tensile strength
decreased with increasing aggregate size, as also reported by previous researchers (Braunack
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et al., 1979; Perfect and Kay, 1994), due to the greater probability of having larger cracks
(Jayatilaka and Trustrum, 1977). However, friability value were different depending on the
criteria  used.  For  instance,  using  EC we obtained a  friability  value of  0.26 and 0.30 for
empirical and simulation data respectively, while using FD40 we obtained 0.20 and 0.11 for
empirical and simulations data respectively. This reinforces that the use of the EC criterion
may be more appropriate to assess the friability of a soil. Also, it shows that the numerical
model needs improvement in order to reproduce the friability value more accurately. For this,
we  suggest  further  development  of  a  model  parameterisation  to  determine  particle  bond
strength based on friability values.
3.3.1. Correlation between Weibull modulus and crack-size distribution
For the analysis of correlation between Weibull modulus and crack-size distribution
we used the approach proposed by (Afferrante et al., 2006; Bertalan et al., 2014; Trustrum and
Jayatilaka,  1983),  where  the  Weibull  modulus  can  be  estimated  based  on  the  crack-size
distribution (section 3.1).
For the ROI S1, the mean crack-size distribution values in modulus were 0.92, 0.96
and 1.07,  corresponding to  sizes  C1,  C2 and C3,  respectively  (Fig.  3).  Correlating  these
values with the Weibull modulus (Table 2) using the FD40 criterion, no significant correlation
was found, but using the EC criterion, a significant correlation (R = 0.97, P < 0.01, n = 3) was
observed (Fig. 8), expressed as f(x) = 3.77x - 1.71, while theoretical development shows f(x)
= 2x (Afferrante et al., 2006; Bertalan et al., 2014; Trustrum and Jayatilaka, 1983). Since the
Weibull modulus is a measure of tensile strength scattering, which is a consequence of crack-
size distribution, the correlation found using the EC criterion indicates that it may be a more
reliable  criterion  to  determine  aggregate  tensile  strength.  However,  when  crack-size
distribution  and  Weibull  modulus  were  compared  for  ROI  S2  and  S3,  no  significant
correlation was found, suggesting that since S1 has a denser structure, it can withstand higher
strength, possibly governing tensile strength variability.
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Table 2. Weibull parameters for both criteria to analyse aggregate rupture.
Criteria Tensile strength at 36.8% of PS (kPa) Weibull modulus
C1 C2 C3 C4 C1 C2 C3 C4
Simulations FD40 56.71 15.93 42.60 41.28 0.58 1.71 0.89 1.06
EC 379.24 288.83 192.82 144.55 3.72 3.63 2.98 1.86
Laboratory FD40 226.32 176.42 140.17 122.06 0.75 1.20 0.77 0.71
EC 347.27 264.01 200.25 159.27 1.75 1.94 2.43 2.46
This newly proposed correlation analysis between crack-size distribution and Weibull
Modulus  seems  promising.  However,  further  investigations  are  needed,  considering,  for
instance, larger samples and different soil managements.
Fig 8. Relationship between crack size distribution from image analysis and Weibull modulus
obtained empirically using the EC and FD40 criteria. The horizontal bars indicate the standard
error interval.
5. Conclusions
The proposed EC criterion is more appropriate to calculate aggregate tensile strength
than the FD40 criterion. This was also supported by the proposed correlation analysis between
the  Weibull  modulus  and crack-size  distribution,  although  this  exploratory  effort  requires
further investigations.
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4. PAPER 2 - Scale effect of aggregate rupture: Using the relationship between friability 
and fractal dimension to parameterise discrete element models
Abstract
Modelling  rupture  of  porous  aggregates  is  paramount  to  simulate  natural
phenomena involving material  fragmentation  and to  improve technological  processes.  For
this, parameterising numerical models based on Discrete Element Method is a fundamental
task  and  one  of  the  most  challenging.  It  becomes  even  more  complex  if  scale  variant
materials, e.g. agricultural soils, are considered. Numerical simulations based on theoretical
considerations showed a linear correlation between friability and fractal dimension of porous
aggregates, where particle bond strength defines the rate in which friability diminishes with
fractal  increment.  By combining numerical simulations with laboratory measurements,  we
established a unique use of friability as a material macro property to determine the particle
bond strength and density for different aggregate sizes.  This allows parameterisation of a
discrete element model to simulate how tensile strength varies as a function of aggregate size.
1. Introduction
Rupture of porous aggregates governs a range of natural phenomena and 
technological processes1–3 such as fragmentation of arable soils by tillage. Such activity is 
crucial to create an appropriate seedbed for crop establishment4, since the size reduction of 
larger aggregates improves soil-root interaction. However, the indiscriminate energy input in 
tillage operations may result in excessive soil structural breakdown triggering environmental 
problems such as erosion and greenhouse gas emissions5. Several numerical models have 
been proposed to simulate soil tillage6,7, but they aim at predicting the overall energy demand 
and are based on oversimplified soil structure models.
Cohesive granular  materials  (e.g.  clay soils)  may form aggregates  from bonds
between smaller particles. The breakage of such aggregates plays important role on the macro
mechanical  behavior of the material8.  Those aggregates have a  certain amount  of internal
cracks due to biological activity9 and natural cycles of wetting-drying or freezing-thawing10.
The Discrete Element Method (DEM) offers a framework with unique features to model such
complex structure and its mechanical behaviour. In this method, constitutive law of particle
contact and creation of pre-existing internal cracks within aggregates can be combined to
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reproduce a brittle rupture behaviour, which statistical properties may be described by the
weakest link concept incorporated in Weibull distribution11. This statistical distribution is also
used to characterize the tensile strength of soil aggregates12,13. However, the challenge of using
the  DEM  approach14 is  to  identify  which  parameters  from  the  constitutive  law  govern
aggregate rupture and to establish relationships between DEM parameters and measurable
macro properties of soil aggregates. This process is called parameterisation method.
Theoretical  and  empirical  investigations  regarding  brittle  rupture  of  porous
aggregates  have  showed that  tensile  strength,  a  mechanical  property  of  soil  aggregate,  is
directly dependent on the bond strength between particles and on aggregate density2,15. Thus,
it  is  possible  to  create  a  parameterisation  method  using  the  tensile  strength  of  a  certain
aggregate size from a chosen soil to determine particle bond strength and aggregate density of
a DEM model16 . However, the agricultural soil structure is a result of the combination of
smaller aggregates into bigger ones, known as hierarchical structure17. Consequently, there is
a high variability of aggregate sizes in such soils, and to perform a parameterisation for each
size is not feasible. For this reason, model parameterisation has to be based on a broader
property that encompasses scale effect.  The fractal  dimension has been used to relate soil
physical properties across different scales. One of its applications is to quantify to what extent
aggregate  density  decreases  with  increasing  aggregate  size18,  a  consequence  of  soil
hierarchical formation17. Since density varies with aggregate size, aggregate tensile strength
may also vary. Soil friability can be used to quantify to what extent aggregate tensile strength
decreases with increasing aggregate size19. Following this logic, friability is a macro property
that encompasses the scale effect of bond strength and density on aggregate tensile strength.
We hypothesize that there exists a relationship among friability, fractal dimension and particle
bond  strength.  If  so,  this  relationship  could  be  used  to  determine  the  model  parameters
particle  bond  strength  and  aggregate  density  for  a  range  of  aggregate  sizes  in  a  single
parameterisation procedure based on friability of a chosen soil.
To test this hypothesis we set the following objectives:
i. To develop a theoretical analysis that shows how fractal dimension and bond strength
are linked to friability;
ii. To perform numerical  simulations  based on the  theoretical  link,  to  investigate  the
effect of density and bond strength on tensile strength for several aggregate sizes.
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For this, we developed a DEM model to simulate aggregate rupture in compression
tests;
iii. To perform laboratory measurements to determine friability value of a chosen soil;
iv. To combine numerical simulations and laboratory measurements establishing a single
parameterisation method to determine particle bond strength and density for different
aggregate sizes based on the material macro property friability;
v. To validate the parameterisation method for a DEM model using empirical data from
the chosen soil.
1.1. Theoretical considerations
1.1.1. Aggregate tensile strength
The aggregate tensile strength ( σ ) is directly affected by particle bond strength






where ρ p is the particle density and Z is the average contact per particle or coordination
number, which is proportional to ρ 20. The indirect tension test provides a practical way to





where F is the force at rupture, d is the aggregate diameter and the constant (0.576) is for
the maximum stress acting at the centre of a sphere22.
1.1.2. Weibull distribution
The Weibull  model  is  based  on the  “weakest-link”  concept.  Thus,  to  use  this
statistical analysis, indirect tension tests are performed on dry aggregates. During this test, at a
certain σ value, the weakest bond breaks, activating one or more cracks that irreversibly
dissipates the energy into crack propagation leading to total aggregate rupture. The Weibull
model is considered an appropriate method to determine the probability distribution function
of  aggregate  failure11.  The  probability  of  the  survival  ( Ps (σ ) )  for  a  population  of
aggregates with the same size can be expressed as:
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ln (−ln (1 −Ps (σ )) )=mln(
σ
σ o ) (3)
where m is  the  slope  of  the  distribution  and characterizes  the  variability  of σ .  For  a
statistical sample size of aggregates, Ps (σ ) can be calculated by ranking each observation of
σ value in ascending order13. The characteristic tensile strength ( σ o ) is the σ value at
which Ps (σ ) corresponds to the 63
rd percentile of Weibull distribution.
1.1.3. Friability
It is known that the tensile strength of many materials is scale dependent. This is
evident in porous materials, where the probability of having more and larger voids increases
with the scale of observation. The cross sectional area of such material is not fully filled by
solid parts, consequently the effective area to support the load (area of solids) is measured
considering  the  fractal  dimension.  Using  this  effective  area  to  calculate  tensile  strength,





where β (0< β <1) is proportional to the fractal dimension in a two-dimensional plane (1<
fractal dimension <2) of the aggregate section.
Equation (4) is supported by empirical data for different materials24. Working with
soil  aggregates,  Braunack,  Hewitt  and  Dexter13 found  that σ decreases  with  aggregate
volume ( V ).  Utomo and Dexter19 defined the measure of the slope of the relationship
between ln (σ ) and ln (V ) as  friability  ( b ),  which  is  “the  tendency  of  a  mass  of
unconfined soil to disintegrate and crumble under applied stress into a particular size range of
smaller aggregates” 19,25.
Thus, using σ o in equation (4), and by dividing by the tensile strength of the








where the bigger is i=1,2,3. . . the smaller the aggregate volume. V u is the volume of the
largest aggregate.
As b is  the  exponent  of  the  power-function  obtained  from  the  relationship









where the bigger is i=1,2,3. . . the smaller the aggregate diameter. The values of d i and
du are their diameters.
1.1.4. Fractal dimension
Since the area of solids in aggregate cross section is proportional to aggregate
density ( ρi ) then σ o also depends on ρi , and this has been shown for a wide variety of
materials26–28.  Thus,  varying  the  density  along  the  aggregate  size  scales  also  impact b .
Therefore,  quantify  variations  of ρi with d i is  fundamental  to  explain  the σ o scale
effect.
From soil hierarchical formation17, we have that with the increment of d i , ρi
decreases.  This  variation  follows  a  pattern  that  can  be  predicted  by  the  mass  fractal
dimension, Dr (2 < Dr < 3). The closer the value of Dr is to 3, the more homogeneous









where the bigger is i=1,2,3. . . the smaller is the aggregate diameter and u refers to the
largest aggregate.
1.1.5. Relationship between friability and fractal dimension
The link between friability and fractal dimension can be established by combining
equations (6) and (7):
b=







Next, we set σ ou and ρu as values of reference, so they are kept constant while
σ oi and ρi varies with Dr . Then, we rearrange equation (7) substituting σ ou by σ bs
as given in equation (1), to obtain:
b=
( Dr −3 )
3
(ln σ oi −ln c σ bs)






, which for the largest aggregate is set as constant.
Since b is invariant with material scale we considered it as a material macro
property, which depends on other intrinsic properties of each granular material. From equation
(9) we have that b depends on both, Dr and σ bs values. Thus, measurements of σ oi
through indirect tension tests while performing systematic variations in Dr and σ bs for a
range of aggregate sizes can be performed to establish the relationship between Dr and the
macro property b for different values of σ bs . After that, by measuring the macro property
b from a  soil  and  inserting  in  this  relationship,  the σ bs and ρi values  in  a  discrete
element model can be parameterised to simulate rupture for different aggregate sizes.
2. Materials and methods
The  parameterisation  method  is  a  combination  of  numerical  simulations and
laboratory  measurements,  as  shown  in  Figure  1  and  described  in  detail  in  section
“Parameterisation  method”  below.  First,  we  establish  two  relationships  from  numerical
simulations: 1) between σ oi and b and 2) between Dr and b , both for different values
of σ bs . This requires systematic variations in Dr and σ bs . As this is difficult to obtain
from agricultural soil aggregates due to its heterogeneity, we carry out numerical simulations.
To do so, we first have to create a range of aggregate sizes to be simulated, considering given
inputs of Dr and σ bs . Then, we perform compression simulations to obtain σ oi and to
calculate  the macro  property b ,  establishing  the  two  relationships  required  (Figure  1,
purple box).  Second, we measure σ oi for different aggregate sizes of a chosen soil in the
laboratory  and  then  calculate  its  macro  property b (Figure  1,  yellow  box). Once  the
relationships from numerical simulations and measurements from laboratory are obtained, we
can describe a parameterisation method that determines σ bs and Dr .
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Figure 1. Numerical simulations and laboratory measurements of aggregate rupture
properties. Numerical simulations create a range of aggregate sizes with different values of
fractal dimension ( Dr ) and particle bond strength ( σ bs ). Compression simulations are
then performed for each aggregate size and the relationships between σ oi and b and
between Dr and b , both for different values of σ bs , are obtained (purple box).
Laboratory measurements comprises the aggregate separation by size and compression tests to
measure aggregate tensile strength ( σ oi ), then friability ( b ) is calculated (yellow box).
2.1. Building the DEM model
We used the open-source software YADE, which is a framework for DEM, to
estimate rupture forces of  porous aggregate.  The creation of the aggregates,  definition of
particle contact law, implementation of a compression test, as well as post processing data
output29 are all included in the simulation environment, which is customizable using Python
programming language.
2.1.1. Creation of aggregates
The aggregates were created from a cloud of spherical particles within boundaries
of  a  spherical  shell  that  defines  the  aggregate  diameter.  Particle  material  properties  and
contact  parameters  are  given in  Table 1.  We used four  different  shell  diameters,  i.e.  four
aggregate diameters: 4.76, 6.50, 9.52 and 13 mm. These aggregate size classes are named M4,
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M3,  M2 and M1,  in  the reminder  of  the paper.  Then,  each aggregate was subjected to  an
isotropic  compression  until  it  reached a  density  of  approximately  2100 kg m-3.  The  total
number of particles used ( N tp ) was approximately 413, 1033, 3203 and 8223 for M4, M3,
M2 and M1, respectively.
Table 1. Material properties used for DEM simulations.
Property Particle Compression Plate 
Young’s modulus 70 GPa 0.70 GPa
Poisson’s ratio 0.3 0.3
Radius 0.0003 m -
Coeficient of friction 0.57 0.18
Density 2500 kg m-3 2000 kg m-3
In the next step, the ρ for each aggregate was modified by removing particles,
as follows. The value of ρ1 for M1 was set to 1500 kg m
-3 for all simulations. The values of
ρi ,(i=2,3,4) were calculated from Dr (values showed in section “Numerical simulations”
below) and equation (7). The number of particles to be removed ( N r ) from each aggregate
size was calculated as:
N r=
N tp ρ p V p − ρi V i
ρ p V p
(10)
where V p and ρ p are  the  particle  volume  and  density,  respectively.  The  sub  index
i=2,3,4 represents the aggregate size classes of M2, M3 and M4, respectively.
Particles  were  removed  randomly,  so  the  modelled  aggregates  represent  a
variability  of  number  and size  of  voids  within  its  structure.  Finally,  each  aggregate  was
subjected to random rotations in the three axes.
The  bond  strength  between  particles  was  described  by  a  cohesive  frictional
contact law already implemented in YADE30,31. We used the same contact law in tangential
and normal directions. Coulomb friction was also included in the contact law and a global
viscous damping coefficient of 0.1 was used to model dissipation of kinetic energy. In soils,
the particle elastic deformation is negligible in comparison to the bulk plastic deformation14.
Since  aggregate  rupture  (or  cohesive  contact  breakage)  mainly  governs  the  bulk  plastic
deformation32,33,  the particle  Young’s  modulus  was considered  constant  and similar  to  the
modulus  of quartz (70 GPa)33,34,  poisson and coeficiente  of friction were considered from
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literature14,35. The material properties of the plates were set to values that save computational
effort without interfering in the results.
2.2. Numerical simulations
After  aggregate  creation,  gravity  (9.81  m  s-2)  was  turned  on,  and  aggregate
compression was performed at a constant deformation rate of 0.03 m s-1. Compression force,
number and positions of cracks and coordination number were recorded as a function of time.
At the moment the number of cracks suddenly increases in the meridian of the aggregate
concomitantly with the sudden decrease of coordination number,  we considered aggregate
breakage and selected the maximum force ( F ) at that instant. The F values obtained
were used along with equation (2) to calculate σ . Subsequently, these values were used in
the Weibull distribution to determine σ o for each aggregate size class (equation 3). Finally,
the σ o values were used in equation (6) to calculate b .
To stablish a relationship between Dr and b for different values of σ bs , we
used five values of Dr (2.65, 2.70, 2.80, 2.90 and 2.95) in combination with three values of
σ bs (1.5, 2.5 and 3.5 MPa). The values of Dr were used in equation (7) to calculate ρi ,
then equation (10) was used to determine the number of particles to be removed from each
aggregate  size.  For  each  combination  of Dr and b ,  we  performed  15  compression
simulations for each one of the four aggregate classes (M4, M3, M2 and M1), summing up to
900 simulations in total.
Because of the variations in ρi and d i caused by the random procedures of
aggregate creation, the final value of Dr may differ slightly from the inputted value. Thus,
ρi and d i were recorded in  each simulation  and averaged (n=15) to  characterize each
aggregate size class and to re-calculate Dr using equation (7).
2.3. Laboratory measurements
The agricultural soil from a sugar cane field located in Iracemapolis, Sao Paulo,
Brazil (22º 34’ S, 47º 31’ W), was sampled at depths from 0.4 to 0.6 m and characterized by
21 g kg-3 of organic matter, and 739, 167 and 92 (g kg-1) of clay, silt and sand, respectively,
and a bulk density of 1170 kg m-3. Cubic samples (0.1 x 0.1 x 0.1 m3) were taken from three
different locations in the field. Samples were transferred to the laboratory, placed on trays,
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and  dried  at  room conditions  (23.3  ºC  and  relative  humidity  of  50%).  Aggregates  were
separated from each sample along pre-existing visible  cracks36.  The aggregates were then
sieved into four  sizes  classes:  2.38-4 mm, 4-6.52 mm, 6.52-12 and 12-19 mm; these are
named E4, E3, E2 and E1, respectively hereafter. Next, 10 aggregates from each size fraction
and  location  were  randomly  selected  (totalizing  120  aggregates),  weighted  and  their
dimensions  were  measured  along  three  perpendicular  axes,  from  which d was
calculated21 for each aggregate. Each aggregate was compressed between parallel plates using
a universal testing machine (Lloyd Texture Analyser, model 500; 50 N load cell with 0.01%
resolution). The compression tests were carried out at a constant displacement rate of 3.10-6 m
s-1 and data acquisition frequency was set to 15 Hz. The measured rupture force was used in
equation (2) to calculate σ . Finally, equation (3) was plotted to calculate σ o and b was
calculated using equation (6).
The  values  of b and σ o 4 were  used  in  the  parameterisation  method  as
explained in the next paragraph.
2.4. Parameterisation method
The relationships obtained from numerical simulations (purple box from Figure 1)
and  laboratory  measurements  (yellow  box  from  Figure  1)  were  combined  resulting  the
proposed  parameterisation  method  that  determines  the  DEM  model  parameters σ bs and
Dr using the macro property b of the chosen soil.
The parameterisation method is divided into five steps as described below and
illustrated in Figure 2:
1. From  numerical simulations we  plotted b against σ o 4 to  obtain  the  equation
b=−gln ( σ o4 )+h .  The  coefficients g and h were  determined  for  each σ bs
value.  These coefficients were plotted against each other,  resulting in the equation
h=cg+d ;
2. Using the equations from step 1, h was written as h=
(−cb+dln (σ o 4 ))
ln ( σo 4 )−c
. Then, b
and σ o 4 were imported from the laboratory measurements to calculate h ;
3. Using  the  relationship  between σ o 4 and b we  plotted σ bs against h and  the
calculated value of h from step 2 was used to determine σ bs ;
47
4. From  numerical  simulations  we  obtained  the  relationship  between Dr and b
expressed as b= jD r−k . The coefficients j and k were obtained for each σ bs
value.  Then, these coefficients were plotted against σ bs .  The value of σ bs from
step 3 was then used to determine j and k ;




.  Then, Dr was calculated for b obtained from laboratory
measurements.
48
Figure 2. Parameterisation method. Procedure (blue column) divided into five steps to
obtain the model parameters σ bs and Dr (steps 3 and 5, highlighted in red). The method
relies on relationships established by numerical simulations (purple column) and laboratory
measurements (yellow column).
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2.5. Validation of the parameterisation method
Simulations  were  done  to  compare σ o and b obtained  from  laboratory
measurements with the values obtained from the simulations using the parameterised model.
Equation (7) was used to calculate ρi for M4, M3, M2 and M1 for the value of Dr obtained
from the parameterisation method.  Next,  equation (10) was used to obtain the number of
spheres to be removed from each size class. Then, new aggregates were created with σ bs
obtained  from  step  3  in  parameterisation  method,  and  compression  simulations  were
performed. We performed 15 compression simulations for each one of the four aggregate
classes (60 simulations in total).  The F values obtained from the simulations were used
along with  equation (2)  to  calculate σ .  Subsequently,  these values  of σ were used in
Weibull distribution to determine σ o for each aggregate size class (equation 3). Finally, the
σ o values were used in equation (6) to calculate b . Thus, we compared σ o and b




In order  to establish the relationships from numerical  simulations presented in
Figure 2, we systematically varied the values of Dr and σ bs and performed compression
simulations to obtain σ o and b . Figure 3 shows the results for each combination off Dr
and σ bs . The plots on the left side refer to equation (7), where the exponent was used to
calculate the final values of Dr . The plots on the right side refer to equation (6), where the
exponent was used to calculate the values of b . The results are summarized in Table 2.
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Figure 3. Numerical simulations with varying fractal dimension and particle bond
strength. Scaling effect of aggregate density (left side) and tensile strength (right side). Each
colour, purple, blue, green, yellow and red of the trendlines represents a value of fractal
dimension inputed, 2.65, 2.70, 2.80, 2.90 and 2.95, respectively. From the top to bottom bond
strength increases (1.5, 2.5 and 3.5 MPa, respectively). The means of ρ and d were
calculated for 15 replications for each aggregate size class. Error bars represents ± standard
error for n=15. The values of σ oi and σ ou corresponds to the 63rd percentile of Weibull
distribution.
From these simulations, the values of b were plotted against σ o 4 obtained for
each Dr , as showed in Figure 4a. This established the first relationship required for the
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parameterisation method (cf. Figure 2, purple box). The values from Table 2 were used to plot
b against Dr , as shown in Figure 4b, establishing the second relationship (cf. Figure 2,
purple box).
Table 2. The inputs and outputs of the numerical simulations. Systematic inputs of Dr
and σ bs and data output (final Dr and b ) obtained from the compression simulations.
Bond strength 
(MPa)
                                 
                                   Property                                   
Input Output




















Figure 4. Relationships obtained from numerical simulations and the influence of
particle bond strength on friability. a) Relationship between σ o 4 and b for different
σ bs values. b) Relationship between Dr and b for different σ bs values. Pearson’s test
showed significant correlation (P<0.01, n=5) for all linear regressions. c) Isolines indicate
constant values of friability. Black dots indicate the critical point from which the friability
varies with bond strength increment for constant values of fractal dimension. The critical
points occur at lower bond strength as the fractal dimension increases. d) Tensile strength as a
function of aggregate porosity and bond strength. The colours blue, red and yellow indicate
bond strength values of 3.5, 2.5 and 1.5 MPa, respectively.
Results in Figure 4b show that for higher fractal small changes in bond strength
cause perceptible changes in friability. This behaviour is also perceptible at low fractal values,
but  it  requires  larger  changes  in  bond  strength  as  shown in  Figure  4c  (back  dots).  This
suggests that the effect of the bond strength on tensile strength varies with aggregate density.
In fact, from Figure 4d we have that the aggregate tensile strength is more sensitive to particle
bond strength the smaller the aggregate porosity.
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3.2. Laboratory measurements
From the laboratory compression tests, the values of σ were calculated using
equation (2) and plotted using equation (3). From the linear regressions, we calculated σ o
for each aggregate size (Figure 5a). For the aggregate size fractions E4, E3, E2 and E1, the
average of d were 4, 6.2, 8.5 and 13.8 mm and σ o values obtained were 345, 265, 200
and 160 kPa, respectively. The ANOVA showed no significant difference (P>0.05, n=3) for
the m values among the aggregate size classes. In Figure 5b the plot of equation (6) for
values  of σ o and d is  shown.  The  exponent  of  the  power-law  function  was  -0.641,
resulting in a value of b of -0.214, which falls into the friable soil range classification as
suggested by Utomo and Dexter19.
Figure 5. Laboratory measurement of aggregate tensile strength and soil friability. a)
Weibull distribution for the σ obtained from laboratory compression tests. Pearson
correlation coefficients shows significant correlation (P<0.01, n=10) for all cases. Error bars
represent ± standard error for n=3. b) Scaling effect for the σ o calculated with d
resulting in a friability of -0.214. Error bars represent ± standard error for n=3.
3.3. Parameterisation of the model
Numerical simulations and laboratory measurements were combined to determine
the  parameters σ bs and Dr of  the  model.  To  show  this  process,  we  used  the  steps
presented in Figure 2.
1. From Figure 4a we obtained the equation b=−gln (σ o 4 )+h and the coefficients g
and h were determined for each σ bs value. These coefficients were plotted against
each other resulting in the equation h=27.02 g−7.54 ;
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2. Next, h was written as h=
(−27.02 b−7.54 ln (σ o 4 ))
ln ( σ o4 )−27.02
. Then, b and ln σo 4 were
imported  from  the  laboratory  measurements  (-0.214,  5.84)  to  calculate h .  We
obtained a value for h of 1.82;
3. From Figure 4a, we also obtained the equation σbs=5.15 h−7.41 . Then, the value
of h from step 2 was used to obtain σ bs . We obtained a value for σ bs of  1.942
MPa;
4. From Figure 4b we obtained the equation b= jD r−k . The coefficients j and k
were determined for each σ bs value. These coefficients were plotted against σ bs
resulting  in  the  equations j=−0.113σbs+1.75 and k=−0.313 σbs+5.32 . σ bs





5. Then,  using b obtained from experimental  measurements  (-0.214)  we obtained  a
value of Dr equal to 2.941.
3.4. Validation of the parameterisation method
After aggregate creation, the average of d and ρi values obtained were 4.51,
6.18, 9,17, 12,58 mm and 1798.73, 1726.56, 1738.39, 1680.79 kg m-3, respectively. Figure 6a
shows the scale effect of ρi where the exponent of the power-law function, together with
equation (7) were used to calculate the final value of Dr . The power law exponent obtained
was -0.055, resulting in a final Dr value of 2.945. This corresponds to an error of 0.14% in
relation to its initial value of 2.941. From the compression simulations, the calculated values
of σ o were 314, 254, 203 and 163 kPa for M4, M3, M2 and M1, respectively. Figure 6b shows
the scale effect of σ oi where the exponent of the power-law function, together with equation
(6) were used to calculate the value of b . The  power law exponent  obtained was -0.631,
resulting in a b value of -0.210. Figure 6b also shows the plot of σ o and d obtained
empirically. Comparing the values of b obtained from simulations with the one obtained
experimentally, the error is below 1.9 %.
As the aggregate sizes used in measurements and in simulations were not exactly
the  same,  the  values  of σ o 4 and σ o 3 obtained  from  simulation  underestimated  the
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empirical  values  by  10%  and  4%,  respectively.  The  values  of σ o 2 and σ o 1 were
overestimated by 1% and 1.5%, respectively.
Figure 6. Simulation of aggregate rupture using parameterised values of fractal
dimension and particle bond strength. a) Scaling effect of aggregate density for the
calibrated fractal dimension of 2.945. b) σ o scaling effect for the calibrated σ bs value of
1.94 MPa (blue dashed line) with a b value of -0.210, and for the σ o calculated with d
from experimental measurements (red line) with a b value of -0.214. Error bars represents
± standard error for n=15.
4. Discussion
We provided analytical expressions that show how fractal dimension and particle
bond strength are related to friability. To investigate it, we performed numerical simulations
of aggregate compression with systematic variations in fractal dimension and bond strength
for a range of aggregate sizes. For the interval of fractal dimension between 2.699 and 2.953,
our model showed that friability and fractal dimension are linearly correlated, and that the
slope of that relationship is governed by particle bond strength. Combining the results from
numerical  simulations  with  laboratory  measurements  we  established  a  parameterisation
method for DEM to determine particle bond strength and density for different aggregate sizes
based on the material macro property friability.
Although density and tensile strength are measured at a specific aggregate size,
fractal  dimension18 and  friability19 are  their  respective  scale  factors  that  quantify  their
variation across soil hierarchical orders. Moreover, as tensile strength is a function of particle
bond strength and aggregate density2,37, friability encompasses the scale effect of density and
bond strength as shown in equation (9).
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Our  numerical  simulations,  where  we  promoted  systematic  variations  in  bond
strength and density for different aggregate sizes using DEM, show that the absolute value of
friability, decreases with increasing fractal dimension between 2.699 and 2.953. Although we
are not aware of a study that has addressed the relationship between fractal dimension and
friability,  we  find  support  for  our  findings  from  studies  that  measured  these  properties
independently. Due to the mechanism involved in particle migration within soil pores during
wetting  and  driyng  cyles38–41,  the  increment  on  fine  particles  (e.g.  dispersed  clay)  may
promote density homogenization17,42 and consequently increases fractal  dimension43,44.  This
migration of fine partiles may also increases and homogenizes the tensile strength38,40 across
aggregate  sizes,  thereby  decreasing b 45,46.  Putting  these  observations  together,  we  may
postulate that the increase of Dr is linked to the reduction of b , in agreement with our
numerical results.
The numerical simulations also show that the rate in which friability diminishes
with fractal dimension increment depends on particle bond strength. In order to explain this,
we consider the isolines in Figure 4c. Each isoline has a point where the slope changes from
near  zero  to  a  positive  value  (Figure  4c,  black  dots).  These  points  occur  at  lower  bond
strengths as the fractal dimension increases. This is because the closer is the fractal dimension
to  three,  the  less  is  friability  affected  by  aggregate  density.  Consequently,  bond  strength
becomes  more  influential  in  friability.  Bond  strength  affects  friability  because  aggregate
tensile strength is more sensitive to particle bond strength the smaller the aggregate porosity.
This is shown in Figure 4d for our simulations, and corroborated by others12,47. Thus, tensile
strength  of  the  smallest  aggregates  are  affected  the  most  with  increasing  bond  strength,
thereby increasing the absolute value of friability. On the other hand, the smaller the fractal
dimension, the more is friability affected by aggregate density. This diminishes the influence
of bond strength on friability. This may explain why various studies have shown that, despite
of  promoting  variations  in  soil  cementing  agents,  in  some  cases  friability  remained
constant45,46.  Abdollahi et.al.48 for instance, observed that although the increase in dispersed
clay from 0.45% to 0.49% increased soil aggregate tensile strength, soil friability remained
constant (~0.20). This may question the use of friability as an index to assess soil physical
properties25,49.
Since  the  lower  is  aggregate porosity  the  more tensile  strength  is  sensitive  to
particle bond strength, as shown in Figure 4d and by others12,47, we considered it the most
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reliable numerical and empirical measure to parameterise the model bond strength. Thus, in
the  parameterisation  method  step  1  and  2  as  shown  in  Figure  2,  we  established  the
relationship between friability and tensile strength of the smallest aggregate size.
The relationships (between friability and tensile strength and between friability
and fractal  dimension) obtained from numerical simulations are the basis  of the proposed
parameterisation method. The important contribution in relation to previous approaches8,16,50is
the unique use of friability as a material macro-property to parameterise particle bond strength
and  aggregate  density  for  different  sizes.  This  overcomes  the  challenge  of  DEM  in
determining model parameters, enabling it to predict the effect of aggregate size on tensile
strength. As shown in Figure 6b, the parameterised simulations reproduced the friability of a
chosen soil with an error below 1.9%. It validates the reliability of the model, even using a
simplified contact law, which does not include viscous damping parameters.
Moreover,  an  additional  advantage  of  the  parameterisation  method  based  on
friability is that, once the values of fractal dimension and bond strength are parameterised, we
can  simulate  the  rupture  of  any  aggregate  size  within  the  range  employed  in  laboratory
measurements (E4-E1). As shown in Figure 6b, the range of aggregate diameter in the classes
M4, M3, M2 and M1 were within the range in E4, E3, E2 and E1, although they were not the
same values its tensile strength followed the same scale effect of the chosen soil. This makes
the  applicability  of  the  method even more  attractive  since  with  a  single  parameterisation
allows to simulate the rupture of different aggregate sizes.
Our approach is based on the following assumptions: a) It is crucial to choose a
suitable aggregate pack creation in the model. It has significant impact on final results and
requires  previous  knowledge  of  the  material  to  be  simulated.  For  instance,  first  we  run
simulations  using a hexagonal  packing without  isotropic compression (not  shown),  which
well reproduced the tensile strength size dependence but the absolute values of friability were
not within the range 0.05-0.40 classified by Utomo and Dexter19. Thus, we had to change the
aggregate  preparation to  the  random packing process  with  isotropic compression to  work
within  realistic  values  of  soil  friability.  b)  Our  approach  relies  on  brittle  fracture  of
aggregates. For this, laboratory measurements must be carried out on dry aggregates and the
cohesive contact law has to be able to reproduce such fracture behaviour; c) The contact law
did not consider viscous damping. For our investigation it was satisfactory, since we worked
on small deformation rate. But for higher deformation rates, it may requires a different contact
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model  that  takes  into  account  the  velocity  effect.  d)  We  considered  particle  elastic
deformation to be negligible, and the particle Young’s modulus was set constant and close to
the modulus of a sand grain (70 Gpa)33,34. For materials that present larger particle elastic
deformation,  the  Young’s  modulus  may be another  important  variable  to  affect  aggregate
rupture and a further development of the method may be based on energy rather than tensile
strength.
5. Conclusions
In  this  study  we  showed  the  existence  of  a  theoretical  relationship  between
friability and fractal dimension that is linked to the bond strength.
We developed a  DEM model  and through numerical  simulations  of  aggregate
rupture we established that friability and fractal dimension can be linearly correlated. In this
relationship the closer is fractal dimension to three, the higher is the bond strength influence
in friability. Also from numerical simulations we observed that the lower is aggregate porosity
the more tensile strength is sensitive to particle bond strength. Thus, the effect of particle
bond strength is highlighted on tensile strength of smaller aggregates, which are more reliable
empirical measure to parameterise the bond strength of the model.
Combining  these  findings  from  numerical  simulations  we  established  a
parameterisation method for DEM based on friability. Feeding the method with experimental
measurement of a real soil, this study demonstrated the unique use of friability as a material
macro-property to parameterise particle bond strength and density for a range of aggregate
sizes. Its applicability was validated,  which showed that the DEM model reproduced the
friability of a chosen soil with an error below 2%.
Data Availability
The datasets generated during and/or analysed during the current study are available from the
corresponding author on reasonable request.
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5. PAPER 3 - Aggregate rupture on bulk soil - A model to quantify fragmentation 
properties and energy demand of tillage tools
Abstract
Designing tillage tools to promote only the necessary amount of soil fragmentation
with higher energy efficiency have great potential to reduce production costs concomitantly
with  environmental  impacts.  We  implemented  a  soil  bin  model  using  Discrete  Element
Method  that  accounts  for  the  mechanical  behaviour  of  soil  aggregates  and  developed  an
algorithm to quantify aggregate size  distribution  and the number and location of aggregate
ruptures   promoted  by  tillage  along  the  soil  profile.  Using  this  numerical  approach  we
simulated tillage activities of two furrow openers for sugar cane planting: a conventional one
and a new tool concept with distinct soil fragmentation principle. The calibrated DEM model
was able to reproduce the energy demand of empirical tests and quantified the level of soil
structural  fragmentation  caused  by  tillage,  revealing  specific  details  of  particle  breakage
promoted by the  evaluated tools.  The new tool  concept  showed potential  to  decrease  the
power demand by 28.5% at the same time it increases the fractal fragmentation by 10% in
comparison  to  the  conventional  tool.  From  these  simulations  we  estimated  that  the
implementation  of  the  new  tool  in  the  Brazilian  sugarcane  production  may  reduce  fuel
consumption by the order of 44%.
1. Introduction
Soil fragmentation is crucial for crop establishment, since the size reduction of larger
aggregates improves the conditions for germination and emergence of seedlings (Blunk et al.,
2018).  But,  besides  jeopardizing  soil  environmental  functions  (e.g.,  reducing  soil  carbon
storage) (Six et al., 2000), tillage activities have a significant impact on production costs. In
Brazilian sugar cane production, the world's largest, tillage operations accounts for 28.6% of
the total  diesel consumption during the first  year of production,  generating approximately
377.5 kg ha-1 of carbon dioxide equivalent per year (De Figueiredo and La Scala, 2011). Thus,
the use of tillage tools energetically more efficient that promote only the necessary amount of
soil fragmentation have great potential to reduce production costs and mitigate environmental
impacts.
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Although  we  have  an  adequate  concept  of  aggregate  size  distributions  in  the
seedbed  (Blunk et al., 2017; Braunack and Dexter, 1989), present knowledge to design and
obtain such soil fragmentation by tillage is still incomplete. This is because aggregate rupture
mechanisms have not been totally investigated and also the classical theory of soil mechanics
does  not  take  them it  into  account.  As  a  consequence,  numerical  models  are  limited  to
simulate soil structure dynamics. Several numerical models have been proposed to simulate
soil disturbance (Ibrahmi et al., 2017; Sun et al., 2018), but they are based on oversimplified
soil structure models and focused on predicting the draft force. These models do not consider,
for instance, the effect of aggregate rupture on soil bulk mechanical behaviour, which has
been shown to govern material plastic yielding and hardening (McDowell and Bolton, 1998).
Aggregate  rupture  is  on  the  research  agenda  for  granular  materials (Cil  and  Alshibli,
2012) and has been investigated using Discrete Element Method (DEM), a framework with
unique  features  to  model  particle  breakage  and  describe  the  constitutive  behaviour  of
aggregates. In this method particle bonded contact and creation of pre-existing internal cracks
within the aggregate can be combined to reproduce a brittle rupture behaviour similar to the
rupture of dry soil aggregates (Braunack et al., 1979; Perfect and Kay, 1994).
Furthermore,  when modelling soil  aggregate rupture,  one have to consider the soil
hierarchical  formation (Dexter,  1988) which  implies  a  scale  effect  on  aggregate  tensile
strength (Braunack et al., 1979; Perfect and Kay, 1994). This was investigated by Barbosa et
al.,  2019,  which  developed  a  parameterisation  method  for  a  DEM  model  based  on  soil
friability (Utomo  and  Dexter,  1981) to  determine  particle  bond  strength  and  density  for
different aggregate sizes.  However,  when modelling tillage,  this  approach requires further
investigation to know if it can predict the resulting draft force and quantify tillage effects on
soil structure. For this, the model has to afford the determination of properties that measures
the level of soil structure fragmentation, such as fractal fragmentation (Perfect and Kay, 1995;
Rieu  and  Sposito,  1991).  This  property  quantifies  aggregate  size  distribution  relating  the
number of aggregates with each size class (Perfect and Blevins, 1997).
Modelling  tillage  using  a  soil  bin  composed  by  parameterised  aggregate  tensile
strength,  besides  allowing  to  predict  tillage  energy  demand,  elucidates  details  of  which
regions of the tool are most effective in promoting particle breakage and its area of action.
Moreover, in quantifying fragmentation properties, the model enables the determination of the
ratio between the level  of soil  fragmentation and energy demand allowing us to compare
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energy efficiency of different tillage tools. Therefore, we aimed to evaluate whether using this
model, we can the quantify the level of fractal fragmentation per unit of energy and area from
tillage simulations of two furrow openers for sugar cane planting: a conventional one and a
new tool concept with distinct soil fragmentation principle. Additionally, these numerical data
were used to estimate the fuel economy that this new concept of tillage tool may represents
for the Brazilian sugarcane production when compared to the current scenario.
2. Material and Methods
2.1. Laboratory measurements
The agricultural soil from a sugar cane field located in Iracemapolis, Sao Paulo, Brazil
(22° 34' 38.8" S, 47° 34' 13.1" W), was sampled at depths from 0.4 to 0.6 m. This soil is
characterized by 21 g kg-3 of organic matter, and 739, 167 and 92 (g kg-1) of clay, silt and
sand, respectively, and a bulk density of 1170 kg m-3. Cubic samples (0.1 x 0.1 x 0.1 m3) were
taken from three different locations in the field. Samples were transferred to the laboratory,
placed on trays, and dried at room conditions. Aggregates were separated from each sample
along pre-existing visible cracks. The aggregates were then sieved into four sizes classes:
2.38-4 mm, 4-6.52 mm, 6.52-12 and 12-19 mm. Next, 10 aggregates from each size fraction
and  location  were  randomly  selected  (totalizing  120  aggregates)  and  weighted.  Each
aggregate was compressed between parallel plates using a universal testing machine (Lloyd
Texture Analyser, model 500; 50 N load cell with 0.01% resolution). The compression tests
were carried out at a constant displacement rate of 3.10-6 m s-1 and data acquisition frequency
was set to 15 Hz. The measured rupture force was used to calculate aggregate tensile strength
(Dexter, 1975) and the characteristic tensile strength from Weibull distribution (Braunack et
al.,  1979;  Perfect  and  Kay,  1994).  Finally,  the  characteristic  tensile  strength  was  plotted
against aggregate volume and friability was calculated (Utomo and Dexter, 1981). Aggregate
volumes were estimated from the sieve sizes (considering aggregates as spheres). We used
this friability value to perform the model calibration procedure, as shown in section 2.2.2.
2.2. Simulations
2.2.1. Modelling aggregates
The simulations were performed using the open-source software YADE which is a
framework  for  discrete  numerical  models,  focused  on  DEM.  The  Python  programming
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language was used for contact law definitions, scene construction, simulation control and data
post processing (Šmilauer et al., 2015).
The  chosen  contact  law  is  already  implemented  in  YADE  (Scholtès  and  Donzé,
2015) and accounts  mainly by cohesive and frictional  interaction.  The cohesion (or bond
strength) was set the same value for normal and tangential directions. This contact law is able
to record the breakage of cohesive contact location timewise, which allow us to know where
and when a contact was broken. Another important feature is that once the contact is broken it
becomes a frictional contact only, which reproduces the brittle rupture of real dry aggregates.
A global viscous damping of 0.1 was used to dissipate kinetic energy.
Aggregates  with  diameters  of  0.011,  0.012 and 0.013 m were created  by  a  dense
aggregate of spherical particles (Fig. 1) with input parameters presented in Table 1. This table
also gives the parameters used in the interaction between aggregate and the parallel plates
used for the compression simulations to measure aggregate tensile strength and the tillage
tools used later.
Table 1. List of parameters and values defined in DEM.
Particle parameter Values




Density 1300 kg m-3
Plate/Tillage tool parameter
Young’s modulus* 70 GPa
Poisson’s ratio2 0.3
Density* 1300 kg m-3
*these  values  have  shown  to  have  minor  effect  on  results,  so  they  were  set  to  reduce
computational effort, 1(Daphalapurkar et al., 2011; McDowell and Bono, 2013), 2(Asaf et al.,
2007; Ucgul et al., 2014).
The densely packed assembly was initially generated in a spherical shell filled with a
cloud of spheres. Then, the assembly was subjected to an isotropic compression until  the
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aggregates reached a density of 1260 kg m-3, approximately. Particle density was adjusted in
order to provide a mass of aggregate similar to the aggregate of a real soil.
2.2.2. Model calibration
Once the aggregate assembly was finished, then we followed the procedure presented
by Barbosa et al., 2019 to calibrate particle bond strength and the number of particles to be
removed from each aggregate  size.  For  this,  it  was  used the  empirical  value  of  friability
obtained from section 2.1. Then, we performed compression simulations where the aggregates
were  positioned  over  a  flat  plate  and  gravity  (9.81  m  s-2)  turned  on.  Then  a  constant
deformation rate of 0.03 m s-1 was set to the upper plate (Fig. 1). During the simulation the
force  acting  on  the  upper  plate  and  its  displacement  were  recorded.  Due  to  the  random
procedure of aggregate creation, we performed this simulation for 10 aggregates of each size
and each tensile strength was plotted in Weibull distribution to calculate the characteristic
tensile  strength  for  each  aggregate  size  (Barbosa  et  al.,  2019). The  characteristic  tensile
strength was plotted against aggregate volume to determine friability value obtained from the
model and compared with the empirical value obtained from section 2.1.
Fig 1. Aggregate sizes used in the DEM model of soil bin. In the top layer are aggregates with
diameter of 0.011 m (blue). In the intermediate layer are aggregates with diameter of 0.012 m
(black) and in the bottom layer are aggregates with diameter of 0.013 m (brown).
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2.2.3. Tillage simulations
After aggregates were generated and the values of bond strength and aggregate density
calibrated, we used them to assembly a soil bin with 0.50 m depth, 1.2 m width and 2 m
length. Three soil layers of 0.17 m depth each were formed using the different aggregate sizes.
The upper layer was composed by aggregates with diameter of 0.011 m, the intermediate layer
with aggregates of 0.012 m and the bottom layer with aggregate diameters of 0.013 m, as
shown in Fig. 1.
Then we used the 3D models of two distinct tillage tools to perform tillage simulation
measuring soil  fragmentation and draft  force.  In order  to  calibrate  the friction coefficient
between particle and tool material, the first tool simulated was a conventional furrow opener
(FO) commonly used in sugar cane planting (Fig. 2). Three tillage simulations were run, each
one using a different value of friction coefficient (0.466, 0.473 and 0.516). The values of draft
force  recorded  and  the  relationship  between  draft  force  and  friction  coefficient  was
determined.  Inserting  the  empirical  draft  force  value  of  11.05  kN,  obtained  from  field
experiments (Janini, 2007), in the relationship we calculated the calibrated friction coefficient
and run the calibrated simulation for FO tool. Once the model was calibrated for the FO tool
operating at 7 km h-1,  then we used the same soil parameters to perform simulations of a
rotary hoe combined to a furrow opener (RFO) operating at 7 km h-1 and rotary how at 133
rpm.  Since  such tool  is  not  manufactured  yet  there is  no empirical  data  about  it,  but  its
theoretical design aims to reduce the area of soil disturbance and increase energy efficiency in
sugarcane planting (Fig.  2).  FO tool is  used exclusively to furrow overture and it  has an
operational depth of 500 mm. RFO was designed to perform soil fragmentation (rotary hoe)
and furrow overture (furrow opener) at the operational depth of 300 mm in combination to
subsoiling at 510 mm, as shown in Fig. 2.
The dimensions  of  the  furrow created  in  the  soil  were  measured  in  FO empirical
experiments and compared with simulations. For these measurements, four section areas were
considered in both empirical and numerical experiments.
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Fig 2. Characterization of tillage tools. In the top the conventional furrow opener (FO) used in
field experiments and simulations and in the bottom the rotary hoe combined to furrow opener
and subsoiler (RFO) used in simulations.
2.2.4. Soil fragmentation
In order to characterize soil fragmentation in tillage simulations we have developed an
algorithm in Python that identify aggregate rupture and the formation of new aggregates due
to the action of tillage tools. This algorithm counts the number of particles linked by bonded
contacts within a pack and determines the volume of the aggregate by knowing the particle
mass  and aggregate  density.  This  volume is  converted  to  aggregate diameter,  considering
aggregates as spheres. This algorithm quantifies the aggregate size distribution present in the
soil bin before and after tillage simulations for each tool. Then using the theory of fractal
fragmentation presented by  Rieu and Sposito, 1991 we used the fragment-size distribution
and equation (1) to calculate the fractal fragmentation dimension ( Df ):
71
N=k lDf (0<D f <3) (1)
where N is number of fragments of length /, Df and k are constants corresponding to the
fragmentation fractal dimension and number of fragments of unit length, respectively. The
larger the value of Df , the greater the degree of soil fragmentation (Perfect and Kay, 1995;
Young and Crawford, 1991).
As the algorithm can identify the position of the particle bonded break, we used it also
to plot the number of bonded breaks occurring along soil depth and width. This allowed us to
identify the main differences in soil disturbance caused by each tool.
2.2.5. Energy demand
In order to calculate the energy demand of each tool, we divided our calculation in
translation and rotation work. For the translation work we used the plots of force against
linear displacement obtained from simulations, using the stabilized force to calculate the work
for  the space interval.  For the rotation work we used the plots  of torque against angular
displacement. The following equations explain how these plots were used to obtain power of
each tool.
The work W ( j ) of a variable force F⃗ ( N ) can be calculated for a linear






The  infinitesimal  linear  displacement d⃗s is  related  to  a  corresponding  angular
displacement d⃗ θ ( radians ) and the radius r⃗ ( m ) as:
d⃗s=d⃗ θ x r⃗ (3)




F⃗ d⃗θ x r
(4)
The torque τ⃗ resulting from F⃗ depends on r⃗ ,
τ⃗= r⃗ x F⃗ (5)








Using Numpy (Python, 2017) we calculated the integral of equations (2) and (6) by
appling the trapezoidal rule on the plots obtained from simulations of force against linear
displacement and torque against angular displacement, respectively. For the FO tool it was
used only equation (2) and for the RFO it was used a combination of equation (2) and (6).









The value of n relates the power obtained in RFO ( PRFO ) and in FO ( PFO ) and















where Df is the fractal fragmentation dimension after the tillage operation and Dfo is the
fragmentation fractal dimension for the initial condition of the soil bin. In order to normalize
the energy efficiency, we used the area of soil disturbance promoted by each tool ( A ).
2.2.7. Fuel consumption estimation
The  Virtual  Sugarcane  Biorefinery  (VSB)  is  a  computational  simulation  tool
developed  by  the  Brazilian  Biorenwables  National  Laboratory  (LNBR)  to  evaluate  the
integration of new technologies - in the agricultural and industrial phases - into the sugarcane
production chain.
In the agricultural phase, the evaluation model developed in the VSB (Cavalett et al.,
2016) incorporates  parameters  such  as  types  of  harvesting  and planting,  transport  stages,
agricultural  operations,  machinery,  implements,  labor,  agrochemicals,  fertilizers,  among
others, considering the average values of Brazilian production. Thus, we used data from VSB
to estimate the fuel consumption in a scenario that substitutes FO tool by RFO, as shown in
Table 2. The current scenario uses the average power employed in a tillage activity that uses
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two rows of FO combined to fertilization. In the estimated scenario we updated the power
value multiplying FO power by the factor n from equation (8).
Table 2. Power demand and diesel consumption for tillage actitivity that uses two rows of FO
combined to fertilization and estimation substituting FO by for RFO.
Furrow overture with fertilization
Furrow opener tool FO (2 rows) RFO (2 rows)
Engine Power (cv) 125¹ 125
Engine Power PTO (cv) 102.5² 102.5
Power usage (cv)* 68.75¹ n.68.75
Power usage PTOu (cv) 56.4² PTOu2
Diesel consumption (L h-1) 16.4¹ QRFO avg
¹Source Canasoft(Cavalett  et  al.,  2016),  ²values  calculated using the conversion presented
in(ASAE, 1983). n is  the value  obtained in  equation  (8).  *Power  usage is  the  effective
power consumed by the activity.
Using the same power unit  as reference,  we converted the values of power to  the






where QRFO avg is the average diesel consumption (L h
-1), PTOu is the power usage (cv)
equivalent to the power in PTO .
Fuel consumption was converted to L ha-1 by considering an operational yield of 1 ha
h-1 for FO (Cavalett et al., 2016). For RFO we considered an average operational speed of 5
km h-1 (including the maneuver and refueling time), resulting in an operational yield of 1.5 ha
h-1.
3. Results
3.1. Determination of the DEM model parameters
3.1.1. Particle bond strength and tool friction calibration
Fig. 3a shows the empirical values of characteristic tensile strength for each aggregate
size  class  and the friability  of  the soil  (continuous line  in  magenta).  Using this  value  of
friability (-0.214) the characteristic tensile strength of the aggregates with diameters of 0.011,
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0.012 and 0.013 m, were estimated as 41, 38.8 and 36.9 kPa, respectively. Using the empirical
friability value, we calibrated the particle bond strength and aggregate density as proposed by
Barbosa et al., 2019. The bond strength value found was 90 kPa and the average of aggregate
densities were 1263, 1247 and 1225 kg m-3 for the aggregates diameters of 0.011, 0.012 and
0.013 m, respectively. The characteristic tensile strengths obtained from Weibull distribution
were 41, 38 and 37 kPa for the aggregates diameters of 0.011, 0.012 and 0.013 m, resulting a
friability value of -0.206, as shown in Fig. 3a (dashed line in purple).
From the tillage simulations using FO we found the relationship between draft force
and friction coefficient (Fig. 3b) and estimated a friction coefficient of 1.19 to produce a draft
force of 11.05 kN. Then, the calibrated simulation of FO resulted in a draft force of 11.1 kN
(Fig. 3b, red dot).
Fig 3. Relationship between tensile strength and aggregate volume and calibration of friction
coefficient between particles and tool material. a) The continuous line in magenta was
obtained from laboratory measurements. The dashed purple line was obtained from the
calibrated model. b) Linear regression (blue line) of the relationship between draft force and
friction coefficient between particle and tool. Red dot is the draft force of 11.1 kN obtained in
from the calibrated simulation using a friction coefficient of 1.19.
3.2. Soil fragmentation
3.2.1. Fractal dimension variation
Some level of particle breakage was observed in the initial assembly of the soil bin.
Thus,  using equation (1) we calculated the Δ Df for the FO tool equal  to  1.5 while the
Δ Df promoted by RFO was 1.65.  These  plots  are  shown in  Fig.  4  and the  respective
adjustment of each curve (R2).
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Fig 4. Aggregate size distribution within the soil bin before and after tillage simulation for
each tool.
3.2.2. Particle breakage
The number and position of the bonded contact breakage within aggregates caused by
each tillage  tool  are  shown in  Fig.  5  and Fig.  6.  The  main  difference  is  the  higher  soil
fragmentation in the region of rotary hoe and near the subsoiler tip of the RFO tool, while FO
presented a higer area of particle breakage. The frontal view in Fig. 5 shows the tools and the
intensity of the force chains. Top view shows the vectors of the resultant force of acting on
particles.
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Fig 5. Particle breakage along soil profile. Frontal view) The number of breaks along soil bin
depth. The color bar indicates the contact force chain along the center of each particle. Top
view) The number of breaks along soil bin width. The color bar indicates the vector of the
resultant force of particles interacting with the tool.
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Fig 6. Regions of soil structural breakage caused by each tillage tool. The color map is the
somatory of all bonded breaks along soil bin length.
3.2.3. Furrow geometry
The furrow depth and cross sectional area obtained empirically and compared to the
numerical results of FO and RFO tools are shown in Fig. 7 and the values summarized in
Table 3.
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Fig 7. Furrow geometry. In red, the empirical measurements of the section area promoted by
FO, in purple the section area obtained from simulations of FO and in green the section area
obtained from simulations of RFO.
Table 3. Comparison of furrow geometries.
RFO FO
Simulation CV(%) Empirical CV(%) Simulation CV(%)
Furrow section area (m²) 0.03 3.84 0.15 14.14 0.11 2.63
Furrow depth (m) 0.220 4.71 0.261 4.88 0.291 1.22
3.3. Energy demand
The translation work of each furrow was calculated from the hatched areas shown in
Fig. 8 and then used to calculate the power. Fig. 9 shows a time interval in which we observed
the cyclic pattern of torque variation during rotary hoe operation. It shows screenshots from
the time step in which the reference blade (fiducial mark) touches the soil (36.6o in relation to
the horizontal, t1) till the moment the next blade touches the soil (reference blade at 80.4o, t4),
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restarting the cycle. From this cycle we calculated the rotary hoe power using the area of the
plot torque versus angular displacement. The values of power are summarized in Table 4.
Fig 8. Draft force of FO (blue line) and RFO (red line) tool against displacement. Horizontal
black line indicate the average of the draft force referent to the calculated work and yellow
strip its standard error (+-).
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Fig 9. Variable torque required by the rotary hoe in one blade. T1 - reference blade (fiducial
mark) touches the soil (36.6o in relation to the horizontal). T2 - position at the maximum
torque (45.3o). T3 - intermediate position (62.9o) and T4 - the moment when the next blade
touches the soil (reference blade at 80.4o).
Table 4.  Power demand of each tillage tool.  Empirical  and simulation values for FO and
simulation values for RFO.
RFO FO
Power (kW) Simulation Empirical Simulation
Translation 5.44 22.10 22.19
Rotation 10.42 - -
Total 15.86 22.10 22.19
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3.4.  Fuel consumption estimation
From Table 4 and equation (8) we calculated n=0.715 , then it was used to calculate
the power in the activity of furrow overture with fertilization, as shown in Table 5. Using
these values of power in equation (10) we estimated fuel consumption for the activity when
using the RFO tool.
Table  5.  Power  demand  and  diesel  consumption  for  an  activity  of  furrow  overture  with
fertilization using FO and RFO.
Activity Furrow overture with fertilization
Furrow tool FO (2 rows) RFO (2 rows)
Engine Power (cv) 125¹ 125
Engine Power PTO (cv) 102.5² 102.5
Power usage (cv) 68.75¹ 49.1
Power usage PTOu (cv) 56.4² 40.3
Diesel consumption (L h-1) 16.4¹ 13.8
Diesel consumption (L ha-1) 16.4 9.2
¹Source Canasoft(Cavalett  et  al.,  2016),  ²values  calculated using the conversion presented
in(ASAE, 1983).
4. Discussion
The calibrated numerical model was able to simulate tillage activities on a crushable
soil and reproduce the geometry of the disturbed area and power demand obtained empirically
with the FO tool. Combined to the algorithm capable of measuring fragment-size distribution,
the model also quantified the level of soil structural fragmentation caused by tillage, revealing
specific  details  of  particle  breakage  promoted  by  the  evaluated  tools.  Comparing  tillage
simulations  using FO and RFO tools,  we obtained that  RFO, besides  promoting a fractal
fragmentation 10% higher than FO, also required 28.5% less energy. The quantification of the
fragmentation level by fractal dimension and the energy demand, enabled us to determine the
higher efficiency of the fragmentation principle employed by RFO in converting the energy
input in soil fragmentation. We estimated that the implementation of RFO in the Brazilian
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sugarcane  production  may  promote  a  fuel  consumption  of  44% compared  to  the  current
scenario.
The calibration of the DEM model satisfactorily reproduced the empirical values of
aggregate tensile strength, soil friability and tillage draft force. With the calibrated values of
bond  strength  and  aggregate  densities,  our  model  reproduced  the  empirical  values  of
aggregate tensile strength with an error of -0.09, -2 and 0.4% for the aggregate sizes  0.011,
0.012 and 0.013 m, respectively. The friability value, measured by the exponent of the power-
law function in Fig. 3a, presented a difference of -3.7% in relation to the empirical value.
Using such aggregate properties in tillage simulations with FO tool, the friction coefficient
between particles and tool surface found was 1.19, resulting in a draft force of 11.1 kN (Fig.
8), representing an error bellow 0.5% in relation to empirical value (Janini, 2007). The reason
for such high friction coefficient may have two explanations. First, it may be because in the
model  the  soil  bin  layers  were  created  under  gravitational  deposition,  which  may  have
resulted in a soil bulk density smaller then the one in the field empirical tests. Second, the soil
may adhere to the leading edge of the tool, as observed in field experiments, changing its
geometry and the interaction forces between soil and tool. Since our model does not have
adhesive force between soil particles and tool, the high value of friction may incorporate such
effect.
Structural changes of the crushable soil bin layers were noticeable to the model, which
produced results  in  agreement  with  empirical  investigations.  From the  principle  that  “the
larger is the value of fractal number the greater is the degree of soil fragmentation” (Perfect
and  Blevins,  1997),  results  from  tillage  simulations  show  that  both  FO  and  RFO  tools
promoted soil structure breakdown. The level of soil fragmentation was higher for RFO that
presented a fractal number increment of 1.65 against the increment of 1.5 promoted by FO as
shown in Fig 4. Comparing the effect of no tillage and conventional soil tillage, (Perfect and
Blevins, 1997) also reported that tillage with moldboard plow increased fractal number from
2.02 to 2.55.  (Cunha et al.,  2016) measured a fractal number of 1.45 for a natural soil in
amazon forest, when the forest was removed and the soil managed to sugarcane production
the value of fractal number increased to 1.75.
Moreover, it was possible to distinguish specific details of soil disturbance promoted
by the evaluated tools. For instance, simulations with FO tool presented a furrow area 26%
smaller than the area obtained in the field experiments (Fig.7 and Table 3). This difference
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may be attributed to the larger particle sizes used in simulation. Comparing simulations, RFO
tool presented a furrow area 73% smaller than the FO tool, fulfilling the theoretical goal of
RFO tool to reduce soil disturbance area. Even acting on a smaller area, RFO promoted higher
particle  breakage  in  specific  regions  (Fig.  5  and  Fig.  6),  producing higher  fractal
fragmentation than FO tool, as shown in Fig. 4. This is due to the different fragmentation
principles employed by each tool. The draft force required by FO (Fig. 8) is to compress the
soil in front of the tool (region 2 in Fig. 6) and to push it to the laterals of the furrow (region 1
in Fig. 6). Aggregate rupture happens as a consequence of this soil movement throughout the
disturbed  area.  In  this  approach  friction  plays  a  significant  role  in  soil  deformation  and
consequently energy dissipation (Asaf et al., 2007). On the other hand, the torque required by
the rotary hoe in RFO consumes 64% of total power (Table 4), breaking larger aggregates into
smaller ones (region 1 in Fig. 6). Consequently, the draft force required by the furrow opener
and subsoiling (Fig.  8)  consumes 75.5% less  energy than  FO tool  (Table 4).  Since  bond
strength  governs  aggregate  rupture  (Cil  and  Alshibli,  2012;  Rumpf,  1990),  particle  bond
strength  is  the  main  source  of  energy  consumption  in  rotary  hoe.  Friction  has  smaller
significance in RFO energy consumption, playing a significant role in soil movement caused
by the furrow opener and in the tip of the subsoiler (region 2 in Fig.6). The intensity of soil
disturbance can be seen in Fig. 5 (Top view), which shows to what extent the normal forces
propagate from the action point of the tool to the laterals of the soil bin. When operating with
RFO the highest values of normal forces are concentrated in the center, the same region where
happens the larger number of particle bond breakage (Fig. 6), while FO propagates reactions
to the normal forces across the entire soil bin. Across soil depth (Frontal view in Fig. 5), RFO
tool is also more effective in locating the number of particle bond breakage within the regions
of interest. It limited to fragment the soil in the region of the rotary hoe and near to the tip of
the subsoiler (RFO, regions 1 and 2, Fig. 6). Smaller soil particles in region 1 is important to
ensure a good soil-seed contact and in region 2 it enhances root development in the early
stages of the crop.
Therefore, due to the combination of a more precise fragmentation principle and the
smaller area of soil disturbance, RFO tool requires 28.5% less energy (Table 4) and promotes
10% more soil fragmentation (Fig. 4) than FO tool. This means that RFO is more efficient in
converting  energy  input  in  soil  fragmentation.  From  the  simulations  we  found  that  FO
converts each Watt in an increment of 0.00062 in the fractal number per area of disturbed soil.
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The RFO converts each Watt in an increment of 0.00347 in the fractal number per area of
disturbed soil. Thus, the efficiency in converting the energy input into soil fragmentation is
5.6 times higher for the RFO tool.
As  a  consequence,  tillage  tool  with  higher  energy  efficiency  may  reduce  fuel
consumption in tillage activities. From Table 5 we have that the activity of furrow overture
with fertilization in the current scenario of Brazilian sugarcane production have an average of
16.4  L ha-1.  Substituting  FO by  RFO,  we estimate  that  it  has  a  potential  to  reduce  fuel
consumption  by  44%.  Between  2017  and  2018  the  total  planted  area  in  Brazil  was  1,2
millions of hectares  (Conab, 2018), thus, by substituting FO by RFO it would represent a
reduction of 8.64 millions of liters of diesel in the Brazilian sugarcane production. However,
in this study our main focus was on exploring the potential of a DEM model to predict soil
fragmentation, thus we assumed an initial aggregate size distribution in the soil bin that may
not reproduce a real field condition and did not perform calibration of fractal fragmentation
measurement. Thus, the next step of this research requires the construction of a prototype for
field-scale empirical experiments, so that the potential and limitations of the numerical model
can be fully investigated.
5. Conclusions
The calibrated DEM model of a soil bin composed by a range of aggregate sizes was
able  to  simulate  tillage  activities  quantifying  the  soil  structural  fragmentation  and energy
demand.  Simulations  comparing  different  tillage  tool  principles  show  that  the  new  tool
concept  for  sugar  cane  planting  promotes  a  fractal  fragmentation  level  10% higher  with
28.5% less energy than the conventional tool.  From the ratio between fractal fragmentation
and the energy demand per unit of area, the new tool concept showed an energy efficiency 5.6
times  higher  than  the  conventional  one. As  a  result,  using  the  new  tool  concept  in  the
Brazilian sugarcane production, we estimate a fuel consumption economy of 44% compared
to the current scenario.
Acknowledgments
This work was supported by the Brazilian National Council for Scientific and Technological
Development (CNPq) under grant agreement referent to the process number 140188/2018-5.
85
Data Availability
The data sets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
References
ASABE, 2011. Agricultural Machinery Management Data, ASAE D497. ed. St. 
Joseph.
ASAE, 1983. Yearbook of standards, ASAE-EP, 3. ed. Joseph, St.
Asaf, Z., Rubinstein, D., Shmulevich, I., 2007. Determination of discrete element 
model parameters required for soil tillage. Soil Tillage Res. 92, 227–242. 
https://doi.org/10.1016/j.still.2006.03.006
Barbosa, L.A.P., Keller, T., Ferraz, A.C. de O., 2019. Scale effect of aggregate 
rupture: Using the relationship between friability and fractal dimension to 
parameterise discrete element models. Int. J. Numer. Anal. Methods Geomech. 
Manuscript in revision, 75007.
Blunk, S., De Heer, M.I., Sturrock, C.J., Mooney, S.J., 2018. Soil seedbed 
engineering and its impact on germination and establishment in sugar beet (Beta 
vulgaris L.) as affected by seed-soil contact. Seed Sci. Res. 28, 236–244. 
https://doi.org/10.1017/S0960258518000168
Blunk, S., Malik, A.H., de Heer, M.I., Ekblad, T., Bussell, J., Sparkes, D., Fredlund, K.,
Sturrock, C.J., Mooney, S.J., 2017. Quantification of seed–soil contact of sugar beet 
(Beta vulgaris) using X-ray Computed Tomography. Plant Methods 13. https://doi.org/
10.1186/s13007-017-0220-4
86
Braunack, M.V., Dexter, A.R., 1989. Soil Aggregation in the Seedbed: a Review. II. 
Effect of Aggregate Sizes on Plant Growth 14, 281–298.
Braunack, M. V, Hewitt, J.S., Dexter,  a R., 1979. Brittle fracture of soil aggregates 
and the compaction of aggregate beds. J. Soil Sci. 30, 653–667. 
https://doi.org/10.1111/j.1365-2389.1979.tb01015.x
Cavalett, O., CHAGAS, M.F., Magalhães, P.S.G., Carvalho, J.L.N., Cardoso, T.F., 
Franco, Henrique C.J. Braunbeck, O.A., Bonomi, A., 2016. The Agricultural 
Production Model, in: Green Energy and Technology. Springer International 
Publishing, pp. 13–51.
Cil, M.B., Alshibli, K.A., 2012. 3D assessment of fracture of sand particles using 
discrete element method. Géotechnique Lett. 2, 161–166. 
https://doi.org/10.1680/geolett.12.00024
Conab, 2018. Acompanhamento da safra brasileira de cana-de-açúcar - Safra 
2017/18. URL http://www.conab.gov.br (accessed 2.2.19).
Cunha, J.M., Campos, M.C.C., Gaio, D.C., Nogueira, J.S., Soares, M.D.R., Silva, 
D.M.P., De Oliveira, I.A., 2016. Fractal analysis in the description of soil particle-size 
distribution under different land-use patterns in Southern Amazonas State, Brazil. 
African J. Agric. Res. 11, 2032–2042. https://doi.org/10.5897/AJAR2015.10649
Daphalapurkar, N.P., Wang, F., Fu, B., Lu, H., Komanduri, R., 2011. Determination of 
mechanical properties of sand grains by nanoindentation. Exp. Mech. 51, 719–728. 
https://doi.org/10.1007/s11340-010-9373-z
De Figueiredo, E.B., La Scala, N., 2011. Greenhouse gas balance due to the 
conversion of sugarcane areas from burned to green harvest in Brazil. Agric. 
Ecosyst. Environ. 141, 77–85. https://doi.org/10.1016/j.agee.2011.02.014
87
Dexter, A.R., 1988. Advances in characterization of soil structure. Soil Tillage Res. 11,
199–238. https://doi.org/10.1016/0167-1987(88)90002-5
Dexter, A.R., 1975. Uniaxial compression of ideal brittle tilths. J. Terramechanics 12, 
3–14.
Ibrahmi, A., Bentaher, H., Hamza, E., Maalej, A., Mouazen, A.M., 2017. 3D finite 
element simulation of the effect of mouldboard plough’s design on both the energy 
consumption and the tillage quality. Int. J. Adv. Manuf. Technol. 90, 473–487. 
https://doi.org/10.1007/s00170-016-9391-9
Janini, D.A., 2007. Análise operacional e econômica do sistema de plantio 
mecanizado de cana-de-açúcar ( Saccharum spp .). Universidade de São Paulo 
Escola Superior de Agricultura “Luiz de Queiroz” Análise.
McDowell, G.R., Bolton, M.D., 1998. On the micromechanics of crushable 
aggregates. Géotechnique 48, 667–679. https://doi.org/10.1680/geot.2000.50.3.315
McDowell, G.R., Bono, J.P. de, 2013. On the micro mechanics of one-dimensional 
normal compression. Geotechnique 63, 895–908. 
https://doi.org/10.1680/geot.12.P.041
Perfect, E., Blevins, R.L., 1997. Fractal characterization of soil aggregation and 
fragmentation as influenced by tillage treatment. Soil Sci. Soc. Am. J. 61, 896–900. 
https://doi.org/10.2136/sssaj1997.03615995006100030026x
Perfect, E., Kay, B.D., 1995. Applications of fractals in soil and tillage research: a 
review. Soil Tillage Res. 36, 1–20. https://doi.org/10.1016/0167-1987(96)81397-3
Perfect, E., Kay, B.D., 1994. Influence of corn management on dry aggregate tensile 
strength: Weibull analysis. Soil Tillage Res. 32, 149–161. 
https://doi.org/10.1016/0167-1987(94)90017-5
88
Python, 2017. Numpy and Scipy documentation [WWW Document]. URL 
https://docs.scipy.org/doc/ (accessed 2.20.19).
Rieu, M., Sposito, G., 1991. Fractal fragmentation, soil porosity, and soil water 
properties: I. Theory. Soil Sci. Soc. Am. J. 55, 1231–1238.
Rumpf, H., 1990. The characteristics of systems and their changes of state disperse, 
in: Scarlett, B. (Ed.), Particle Technology. Chapman and Hall, pp. 8–54. 
https://doi.org/10.1017/CBO9781107415324.004
Scholtès, L., Donzé, F. V., 2015. A DEM analysis of step-path failure in jointed rock 
slopes. Comptes Rendus Mécanique 343, 155–165. 
https://doi.org/10.1016/j.crme.2014.11.002
Six, J., Elliott, E.T., Paustian, K., 2000. Soil macroaggregate turnover and 
microaggregate formation: A mechanism for C sequestration under no-tillage 
agriculture. Soil Biol. Biochem. 32, 2099–2103. https://doi.org/10.1016/S0038-
0717(00)00179-6
Šmilauer, V., Chareyre, B., Duriez, J., Eulitz, A., Gladky, A., Guo, N., Jakob, C., 
Kozicki, J., 2015. Using and Programming. Yade Doc. 2. 
https://doi.org/10.5281/zenodo.34043
Sun, J., Wang, Y., Ma, Y., Tong, J., Zhang, Z., 2018. DEM simulation of bionic 
subsoilers (tillage depth >40 cm) with drag reduction and lower soil disturbance 
characteristics. Adv. Eng. Softw. 119, 30–37. 
https://doi.org/10.1016/j.advengsoft.2018.02.001
Ucgul, M., Fielke, J.M., Saunders, C., 2014. Three-dimensional discrete element 
modelling of tillage: Determination of a suitable contact model and parameters for a 
89
cohesionless soil. Biosyst. Eng. 121, 105–117. 
https://doi.org/10.1016/j.biosystemseng.2014.02.005
Utomo, W.H., Dexter,  a. R., 1981. Soil friability. J. Soil Sci. 32, 203–213.
Young,  I.M.,  Crawford,  J.W.,  1991.  The  fractal  structure  of  soil  aggregates:  its




In this study we  showed that the proposed EC criterion is more appropriate to
determine aggregate rupture force than the FD40 criterion.
Using  this  criterion  to  determine  aggregate  tensile  strength  we  showed  the
existence of a relationship between friability and fractal dimension that is linked to the bond
strength. Combining this finding we established a parameterisation method for DEM based on
empirical value of friability. Feeding the method with experimental measurement of a real
soil,  this  study demonstrated  the  unique use of  friability  as  a  material  macro-property to
parameterise particle bond strength and density for a range of aggregate sizes.
This  method was used to  parameterise a  DEM model  of  soil  able  to  simulate
fragmentation of soil aggregates during tillage operations. Used along with an implemented
function to quantify fragment-size distribution our model captured in  detail  the effects  of
different tillage tools on the soil structure. Thus, we quantified from the numerical model the
fractal  fragmentation  and related  it  to  the  energy demand of  tillage  tools  to  quantify  the
energy efficiency. This measure may be implemented to afford the design of tillage tools with
increased energy efficiency in promoting soil fragmentation. As a result, we foresee from our
investigation that such tool besides promoting a better  seedbed quality,  may promote fuel
consumption economy to the Brazilian sugarcane production.
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Appendix 1 - Algorithm to create aggregate and perform compression
#!/usr/bin/python
# -*- coding: utf-8 -*-
#Algorithm to create aggregate and perform compression for EC criterion
#Developed by Luis Barbosa - PhD Candidate
#Agricultural Engineeering School - University of Campinas
#For use in YADE (https://yade-dem.org/doc/)
from yade import plot
from yade import pack
from yade import utils













































###############################Upper and botton plates######################################
p1=O.bodies.append(utils.geom.facetBox((0,0,0),(0.01,-0.01,0),wallMask=1,material='plates'))





nn = a*0.23032 #number of spheres to exclude randomically
n=int(round(nn))
if size==2:
nn = a*0.23069 #number of spheres to exclude randomically
n=int(round(nn))
if size==3:
nn = a*0.23786 #number of spheres to exclude randomically
n=int(round(nn))
if size==4:
nn = a*0.25784 #number of spheres to exclude randomically
n=int(round(nn))
#Randomly select particles to be removed++++++++++++++++++++++++++++++++++++++++++++++++++
rem=random.sample(agr,n)
#REMOVE selected particles+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
for i in rem:
O.bodies.erase(i)
#REMOVE initial aggregate++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++


























arquivo = open('forca.txt', 'w')
arquivo.write('total de particulas'+' '+str(a)+'\n')
arquivo.write('numero de particulas removidas'+' '+str(n)+'\n')
arquivo.write('numero real de particulas'+' '+str(nrp)+'\n')
arquivo.write('Densidade Voxel'+' '+str(Di)+'\n')
arquivo.write('Massa Agregado (kg)'+' '+str(MA)+'\n')






















Appendix 2 - Algorithm for FD40 criterion
#!/usr/bin/python
# -*- coding: utf-8 -*-
#Algortihm for FD40
#Developed by Luis Barbosa - PhD Candidate
#Agricultural Engineeering School - University of Campinas
m=1
total=60
from mpl_toolkits.mplot3d import Axes3D
import matplotlib.pyplot as plt
from matplotlib import cm
from matplotlib.ticker import LinearLocator, FormatStrFormatter
from numpy import array
from scipy.signal import argrelmax
from scipy.signal import argrelmin
from scipy.signal import argrelextrema












with open("forca"+ str( m ) +".txt","r") as fp:
for i, line in enumerate(fp):
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if i == 2:
P=line.split()
if i == 3:
D=line.split()
if i == 4:
M=line.split()






for w in fz:
ffzz.append(float(w))
ttss = []




pkindmin = array(argrelmin(noisymin, order=1))
noisymax = array(ffzz)
pkindmax = array(argrelmax(noisymax, order=1))
























ax.plot(pkindmax, noisymax[pkindmax], linestyle='none', marker='*', markersize=10, color='r')
ax.plot(noisymin, color='k')












Appendix 3 - Algorithm for EC criterion
#!/usr/bin/python
# -*- coding: utf-8 -*-
#Algortihm for EC criterion
#Developed by Luis Barbosa - PhD Candidate
#Agricultural Engineeering School - University of Campinas
m=1
total=60
from mpl_toolkits.mplot3d import Axes3D
import matplotlib.pyplot as plt
from matplotlib import cm
from matplotlib.ticker import LinearLocator, FormatStrFormatter
import numpy as np
while m<total:
#First open the cracks file and treat the data###########################################
ref_arquivo1 = open("cracks_Wei" + str( m ) + ".txt","r")
z=list()
Coord_Z=list()



















# Eliminate repeated time steps and set the summotary of cracks for each time step########
while i < len(zz)-1:
j=i+1
while j < len(zz):







for f in zz:
T.append(f)
for o in g:
N.append(o)
for r in Coord_ZZ:
Coordenada_Z_trinca.append(r)
#Second open the force file##########################################################









with open("forca"+ str( m ) +".txt","r") as fp:
for i, line in enumerate(fp):
if i == 2:
P=line.split()
if i == 3:
D=line.split()
if i == 4:
M=line.split()








#Third open the Coordination number file##################################################










for s in dts:
ddttss.append(float(s))
ddff = []
for t in df:
ddff.append(float(t))
ffzz = []
for w in fz:
ffzz.append(float(w))
ttss = []










while j < len(ddttss):
h=ddttss[j]-ddttss[j-20]
l=ddff[j]-ddff[j-20]




j = j + 20
ratio_CN_min = min(ratio_CN)
Time_ratio_CN_min = Time_ratio_CN[ratio_CN.index(ratio_CN_min)]
###############################Adjust the list length to plot RATIO_CN and STRAIN##########
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CN_adj=list()
for i in ddff:










while k < len(N):
crrr.append(T[k])
if Coordenada_Z_trinca[k]<raio_agregado_maximo and 
Coordenada_Z_trinca[k]>raio_agregado_minimo:
crr.append(T[k])
k = k + 1
def count_range_in_list(li, min, max):
ctr = 0
for x in li:











#########Define the time interval that happens the largest number of cracks and decremente rate of CN######
tccrr=list()
ccrr_dentro_ratio_CN=list()









while tcnSeg > tcn-40:
tCN_CM.append(ddff[tcnSeg-1])
tcnSeg = tcnSeg - 1
###################Indentify the forces for the interval defined above###############################
fzzz=list()
dff=list()








ax = fig.add_subplot(111, projection='3d')
# For each set of style and range settings, plot n random points in the box





scat=ax.scatter(xs, ys, zs, s=200, c=cs, marker='o', edgecolors='none')
cbar=fig.colorbar(scat, shrink=0.5,orientation="vertical",pad=-0.07)
cbar.set_label('Number of Cracks', rotation=270,labelpad=15, fontsize=18)
ax.plot(xs, zs, 'r-', zdir='y', zs=8.5)















plt.ylabel('Decrement rate of CN',fontsize=18)
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plt.tick_params(labelsize=18,pad=10)
plt.axis([0.525, 0.60,-0.000065,0])
plt.xlabel('Displacement (mm)',fontsize=18)
plt.subplot(312)
plt.plot(strain,ccrr, 'r')
plt.ylabel('Number of Cracks',fontsize=18)
plt.tick_params(labelsize=18,pad=10)
plt.axis([0.525, 0.60,0,70])
plt.subplot(311)
plt.plot(strain,ffzz, 'b')
plt.ylabel('Force (N)',fontsize=18)
plt.axis([0.525, 0.60,0,25])
plt.tick_params(labelsize=18,pad=10)
plt.show()
m=m+1
